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We investigated the upconversion properties of nanocrystalline and bulk Y,03:Er3* as a
function of the erbium concentration (1, 2, 5, 10, 25, and 35 mol %). Following excitation
with 980 nm, upconverted emission is observed from the 2Hjp, 4S32, and Fgj, excited states
to the *l;5, ground state centered at 525, 550, and 660 nm, respectively. As the dopant
concentration is increased, the upconverted luminescence revealed not only an overall
increase in intensity but also an enhancement of the red (*Fg2 — *l1512) emission with respect
to the green (°Huyp, *Ss2 — *l1512) emission. A cross-relaxation process is involved in populating
the %Fg, state, which bypasses the green-emitting states. Blue upconversion, observed in
bulk Y,0s3:Eré* only, also showed a concentration dependence. The population of the ?P3
state was achieved through a three-step phonon-assisted energy-transfer process.

Introduction

The search for novel light-emitting materials has been
the subject of continuous study since the early part of
the previous century. Recently, with the advent of new
techniques allowing for the facile synthesis of nanosized
phosphors, it has become possible to control both the
size and shape of many of the most commonly used
luminescent materials. These phosphors with particle
dimensions in the nanometer regime have of late
become the focus of intense study as the associated size
restrictions and extraordinarily large surface areas
incur changes in the spectroscopic properties of these
materials.> As many electronic devices are being reduced
in size, the development of phosphors with particle sizes
in the nanometer regime has become vital. An excellent
example is the development of flat panel displays where
design constraints severely limit the amount of excita-
tion power available for the excitation of phosphors.2
Consequently, there is an ongoing search for luminesc-
ing materials with increased efficiency and smaller size.

The majority of the work has focused on semiconduct-
ing nanocrystals such as ZnS34 and CdS.> However,
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there has also been a considerable amount of research
on doped insulators, in particular, rare-earth-doped
nanocrystalline materials. For the most part, the mate-
rial of choice has been Y,03,578 but work has also been
done on other sesquioxides, Lu,03°"1! and Gd,03,'? as
well as some isostructural vanadates such as YVO, and
GdVO,.131* Aside from its ease of synthesis in the
nanometer regime, yttria possesses favorable physical
properties such as a high melting point, phase stability,
and low thermal expansion,’®> making it an excellent
host material for rare earth ions.

The Er3* ion can efficiently emit photons in the blue,
green, and red regions of the spectrum and has the
ability to convert infrared light to visible. This phenom-
enon whereby the material emits light that has higher
photon energy than the pump source is known as
upconversion and, for this reason, the Er3* ion is widely
used in upconversion phosphors and as an upconversion
laser active ion. The tripositive erbium ion is an ideal
candidate for upconversion since its electronic energy
level scheme allows for many radiative transitions to
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occur. The excited states of the Er3* ion possess long
lifetimes and thus can be conveniently populated by the
absorption of photons in the near-infrared (NIR) region.

The efficiency of Er3* upconversion is governed by two
principal factors: the rate of multiphonon relaxation,
which depends on the phonon energies of the host and
the concentration of dopant ions. In particular, in a
lattice with low phonon energies, the decay of an excited
level of a rare earth ion is predominantly radiative, due
to inefficient multiphonon relaxation. Moreover, an
excess of dopant ion concentration can also hinder the
upconversion process due to cross-relaxation mecha-
nisms. However, the extent depends mainly on the host
material.

On the other hand, the current interest in upconver-
sion is due also to the availability of low-cost NIR laser
diodes, which could populate the Eré* ion levels at 800
or 980 nm and give rise to intense visible light. To
extend our previous investigation on the upconversion
properties of nanocrystalline and bulk Y,O3:Er3* by
exciting at 800 nm,® we discuss in this paper the effects
of varying the Er3* ion concentration on the upconver-
sion of nanocrystalline and bulk Y,03:Er3* by exciting
at 980 nm.

Experimental Section

Sample Preparation. Nanocrystalline cubic Y,03; samples
doped with 1, 2, 5, and 10 mol % Er,Os; (of composition
Y1.98Er0.0203, Y1.96Er0.0403, Y1.90Ero1003, and Y1.0Erg2003, re-
spectively) were prepared using a solution combustion (propel-
lant) synthesis procedure,'6*” which involves the exothermic
reaction between a metal nitrate (oxidizer) and an organic fuel,
such as glycine. The stoichiometric synthesis reaction is

6M(NO,), + 10NH,CH,COOH + 180, —
3M,0, + 5N, + 18NO, + 20CO, + 25H,0

where M =Y, Er. The size of the nanopowders is greatly
influenced by the reaction temperature and can be controlled
by adjusting the glycine-to-metal nitrate molar ratio.*®* A molar
ratio of 1.2:1 was employed to prepare the aqueous precursor
solution, which according to the literature should allow the
formation of small size yttria particles.'®

A detailed investigation using wide-angle X-ray scattering
(WAXS) was carried out to determine the average size of the
Y,03 crystallites obtained by propellant synthesis.® The WAXS
patterns for the nanocrystalline material indicated that the
crystalline domains preserve the crystallographic structure of
yttria (cubic system; space group la3) and that the average
radius of the crystallites was ~20 nm.

For purposes of comparison, bulk samples doped with 1, 2,
5, 10, 25, and 35 mol % Er,O3; (of composition Y1.9sEr 0203,
Y1.96Er0.0403, Y1.90Er01003, Y180Er02003, Yi1s0Eres00s3, and
Y130Ero7003, respectively) were prepared by intimately mixing
Y203 (Aldrich, 99.99%) and Er,O3 (Aldrich, 99.99+%), pressing
the powders into pellets under 10 tons of pressure, and firing
them in air at 1500 °C for 48 h. At this temperature, the
optimum homogeneity (verified using scanning electron mi-
croscopy) was obtained.

All yttria samples were kept in air without any further
precaution.
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Figure 1. Room-temperature luminescence of nanocrystalline

and bulk Y,03:Er™ (10 mol %) upon excitation at 488 nm. (i)
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Reflectance Spectroscopy. The diffuse reflectance spectra
in the medium infrared (MIR) region were measured at room
temperature with a Nicolet Magna 760 FTIR spectrometer
using an aluminated mirror as a reference.

Emission Spectroscopy. Luminescence spectra were mea-
sured by exciting either at 488 nm using a Coherent Sabre
Innova, 20-W argon ion laser, or at 980 nm using a Spectra-
Physics Model 3900 titanium sapphire laser pumped by the
514.5-nm line of a Coherent Sabre Innova argon ion laser. The
visible emissions were then collected and dispersed using a
Jarrell-Ash 1-m Czerny Turner double monochromator. The
signals were monitored with a thermoelectrically cooled
Hamamatsu R943-02 photomultiplier tube. The photomulti-
plier signals were processed by a preamplifier model SR440
Stanford Research Systems. A gated photon counter model
SR400 Stanford Research Systems data acquisition system
was used as an interface between the computer and the
spectroscopic hardware. The signal was recorded under com-
puter control using the Stanford Research Systems SR465
software data acquisition/analyzer system.

A continuous flow cryostat (Janis Research ST-VP-4) was
used to acquire the low-temperature spectra and a Lakeshore
model 330 controller was used to monitor the temperature.

The decay times were obtained by modulating the cw
excitation sources mentioned above using an optical chopper
(Stanford Research Systems, model SR 540) and were recorded
using the gated photon counter. The temporal dependence of
the upconverted emission was obtained by modulating the
excitation beam at 20 Hz with the chopper and the photomul-
tiplier tube output recorded using a digital oscilloscope (Tek-
tronix TDS 520A).

Results and Discussion

The room-temperature emission spectra of Er3™-doped
nanocrystalline and bulk Y,03, following excitation at
488 nm, were reported in a previous paper.8 However,
for illustrative purposes, Figure 1 presents the emission
spectra (lexc = 488 nm) for the 10 mol % nanocrystalline
and bulk samples in which we observe four transitions
in the green, red, and NIR portions of the spectrum. The
Y,03 lattice crystallizes in a cubic bixbyite structure
(space group 1a3)'° and possesses two distinct crystal-
lographic sites available for rare earth ion substitution:
2021 gne site with point group symmetry C, and the
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other with Cs; symmetry. The latter Cg; site has an
associated center of inversion and as such the selection
rules dictate that all electric dipole transitions are
forbidden. And thus, the 4f spectra presented in Figure
1 exhibit electric dipole transitions from the Er3* ions
residing in the C, sites and magnetic dipole transitions
from both sites.

In all samples under investigation, green emission
was observed and attributed to the transition from the
2Hj45, and 4Sgy, states to the 4115, ground state, centered
at 525 and 550 nm, respectively. Red emission was
observed centered at 660 nm, attributed to the transi-
tion from the “Fg, level to the ground state. Also,
relatively weak NIR emission was observed centered at
810 and 860 nm, respectively, and is ascribed to the
4o, — 4115 and 4Ssp, — 4113 transitions.

The same experiment performed at low temperature
(77 K) showed spectral features to the room-tempera-
ture data. However, these spectra differ in that the
2Hq.qp — %145 transition was not observed in the
nanocrystalline and bulk samples at 77 K. In a previous
paper,?? we showed that the 4Sz, level is responsible
for thermally populating the 2Hjy, state, which lies
~700 cm™! higher in energy. At low temperatures, the
feeding of the 2Hy;/, state from the 4S;, state is very
low and thus the intensity of the 4Sz;, — #l15, transition
increases with respect to the 2H1, — *l352 one. As the
temperature is raised, the 2Hji, level is populated
thermally at the expense of the 4S3j; level, causing the
intensity of the 2H;1,, — 4115, transition to increase while
the intensity of the 4Sz, — “li52 transition decreases
proportionally.

Also of note is the fact that the 77 K emission
spectrum of nanocrystalline Y,O3:Er3" is broadened
compared to that of the identically doped bulk counter-
part. An explanation for this phenomenon was recently
presented by Liu et al.! In nanocrystalline materials,
the influence of defects in the host lattice as well as
contamination on their surface cannot be ignored and
they induce inhomogeneous broadening not unlike what
occurs in rare-earth-doped glasses. In fact, with the size
restrictions associated with the nanocrystalline mate-
rial, a greater fraction of the rare earth ions will lie on
the surface compared to the bulk material. Those ions
on the surface of the particle should have a more
disordered environment with respect to the ions in the
particle center (in the C, and Cg; sites). Without any
type of selective excitation, the spectra of nanocrystal-
line Y,03:Er3* will consist of emissions from both types
of Er®* ions. The surface ions would give rise to a
broader emission profile and thus the luminescence
spectrum of the doped nanopowders would be more
inhomogeneously broadened compared with the emis-
sion spectrum of the Er3*-doped bulk material.

In nanocrystalline yttrium oxide, CO, and H,O are
produced as byproducts of the propellant synthesis
reaction and could be adsorbed immediately after the
formation of the nanoparticles. As the preparation is
performed in air, CO; and H,O could be adsorbed from
air as well. The residual nitrate ions are decomposed
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Figure 2. Diffuse reflectance spectra of nanocrystalline
Y1.80Ero2003 following sequential heat treatment: (a) 800 °C
for 17 h; (b) 1000 °C for 65 h; (c) bulk Y1 sEry .03 sample shown
for comparison. Inset: Diffuse reflectance spectrum of nano-
crystalline Y1.9sEro0203 following heat treatment under an N,
flow (2 L/min) for 2 h at 700 °C.

after firing the nanocrystals at 500 °C for 1 h, as was
evidenced by the absence of their characteristic bands
in the MIR and Raman spectra. However, this heat
treatment was not sufficient enough to remove either
the carbonate or the hydroxyl ions from the surface of
the nanopowders. The MIR spectra obtained after the
heat treatment show bands occurring at ca. 1500 and
3350 cm™! and are assigned to vibrations from the
carbonate and hydroxyl groups, respectively (see Figure
2). To reduce the amount of CO32~ and OH™ ions on the
surface of the nanoparticles, additional heat treatments
on a nanocrystalline Y; goErg 2003 sample were carried
out. Initially, the sample was treated at 800 °C for 17 h
and subsequently cooled to room temperature. The same
sample was further treated at 1000 °C for 65 h and then
cooled again to room temperature. From the MIR
spectra of the doped nanoparticles after the successive
heat treatments, bands were still observed at ca. 1500
and 3350 cm~! (Figure 2). After the second heat treat-
ment, the overall intensities of the bands at 1500 and
3350 cm~! indicate that the heat treatments did reduce
the overall surface contamination but, in the present
experimental conditions, the contaminants were not
completely removed (Figure 2). On the other hand, a
longer heat treatment at higher temperatures could
induce an aggregation of the nanoparticles, a process
in which they combine to form larger particles. In this
case, as the spectroscopy of the nanocrystalline material
is particle-size-dependent, a comparison between the
luminescence of the heat-treated and non-heat-treated
nanocrystalline materials could be difficult to make. We
further undertook another thermal treatment on a
nanocrystalline Y1 ggErg.0203 sample in which the nano-
crystals were heated under a N, flow (2 L/min) for 2 h
at 700 °C. The nanocrystals were then cooled to 200 °C
under the N flux, after which the sample was sealed
in a vacuum box. Once the sample had cooled to room
temperature, the MIR spectrum was immediately mea-
sured. Bands attributed to CO, and H,O are still
evidenced (Figure 2, inset). In Figure 2 a bulk sample
is also shown for comparison and shows no bands at
either 1500 or 3350 cm™1, indicating the lack of adsorp-
tion of CO;, and H,O. Therefore, it is important to note



2740 Chem. Mater., Vol. 15, No. 14, 2003

(a) 1 mol%
(b)2 mol%
60 | () 5mol%

(d) 10 mol%

(iii)

40t @

Intensity x 10 (Arbitrary Units)

20 +
(©)
(b)
0 | LE__J“J}WJ\_
500 550 600 650 700
Wavelength (nm)
(A)
30 Oy
(¢) 5 mol%
(d) 10 mol%
25+

il 'Mb\\

W b | ]
10r . JL_M L h}u‘l}\,\,’\ J\jl;
5 Cy b l “K\ PN
a LMV‘\ MMWL

1

500 550 600 650 700
Wavelength (nm)
(B)
Figure 3. (A) Room-temperature luminescence of nanocrys-
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that when the optical properties of nanocrystalline Y,03:
Er3* or related materials obtained by the same synthe-
sis technique are being studied, the surface contami-
nants must be taken into account.

Excitation of nanocrystalline and bulk Y,O03:Er3* with
NIR radiation into the #l11, < *l15, absorption band (Aexc
= 980 nm) produced upconversion luminescence (Fig-
ures 3 and 4). Blue upconversion was observed with
bands centered at 460, 475, and 495 nm, which are
assigned to the 4Fs; — 41512, 2Pajz — *l1az, and 4F7, —
41152 transitions, respectively. The observed bands in
the green region centered at 525 and 550 nm are
assigned to the 2Hji, — *l1s2 and Sz — #1512 transi-
tions, respectively. Bands in the red region, centered
at 660 nm, are assigned to the *Fg, — 41152 transition.
It should be noted that no blue upconversion was
observed in the nanocrystalline samples.

The spectral band shapes and position are very
similar to those obtained upon 488 nm excitation (see
Figures 1 and 3). However, we observe a marked
decrease in the overall luminescence intensity for the
nanocrystalline material compared to its bulk counter-
part. Clearly, the presence of adsorbed surface contami-
nants, such as CO32~ and OH™, can be responsible for
this decrease in upconversion luminescence. The nano-
crystalline samples have available phonons of high
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Figure 4. Upconverted emission of bulk Y,O03:Er®" at room
temperature, showing (I) 4F5/2 - 4|15/2, (II) 2P3/2 - 4|1;|_/2, and
(III) 4|:7/2 nd 4|;|_5/2 (;Lexc = 980 nm).

Table 1. Room-Temperature Decay Time Constants (rm)
for Nanocrystalline Y,03:Er3* Following Excitation with

980 nm
decay times (us)
transition 1 mol % 2 mol % 5 mol % 10 mol %
4812 = *l1sp2 177 156 115 80
4Forz — *l1s2 280 262 215 163

wavenumbers, ~1500 cm™~, due to the carbonate ions
and ~3350 cm™1, due to hydroxyl ions, compared to the
bulk yttria material, for which the maximum phonon
is about 600 cm~1.2324 Therefore, the presence of these
large vibrational quanta makes multiphonon relaxation
in the nanocrystalline material much more efficient.

Table 1 shows the decay times of the green (*Ssp;) and
red (*Fo) excited states in nanocrystalline Y,03:Er+
following excitation with 980 nm. The upconverted
decay curves for all samples under investigation devi-
ated slightly from single exponentiality. The same
behavior was observed in Y,03:Ho®" nanocrystals?® and
was explained as being due to a distribution of dopant
ions within the individual nanocrystals that were
coupled in various degrees to the adsorbed surface
molecules. The dopant ions located close to the particle
surface would have a faster decay than those ions
located inside the nanocrystals. In the nanocrystal
material, a significant portion of the rare earth ions are
located on the particle surface due to their small size
and therefore lead to a nonexponential decay curve.
Moreover, the presence of the adsorbed surface mol-
ecules on the nanocrystals were also responsible for the
drastic difference between the decay times of the bulk
and nanocrystal materials.” Furthermore, energy-
transfer processes could also contribute in making the
decay curves nonexponential. The emission decay time
constants, tm, of nanocrystalline Y,03:Er3* were deter-
mined using the following equation,26

~ S5 () dt
T ) dt

T

1)

where ¢(t) is the intensity at time t. As seen from Table

(23) Weber, M. J. Phys. Rev. 1968, 171, 283—291.
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1, the decay times for the more heavily doped samples
are considerably shorter in comparison to those that are
more weakly doped and are caused by an increase in
the interaction between Er3* dopant ions.

The rise time of the temporal evolution of the green
upconverted luminescence (not shown), due to the
(®H112, *Sz2 — *l15p2) transition, is in excellent agreement
with the lifetime of the “l11,; level. From this behavior
it is clearly evident that the 111, level is the intermedi-
ate state in the upconversion process and, thus, acts as
a population reservoir. The observed rate of depopula-
tion (W) of the 111, excited state is expressed as the
sum of the radiative transition probability (Wg) and the
nonradiative or multiphonon transition probability
(Wwmpr).2* The radiative decay rates for the Er3* ions in
the bulk and nanocrystalline samples should reasonably
be of the same order of magnitude; thus, the higher
multiphonon transition probability in the nanopowders
leads to lower upconversion luminescence intensity. The
gap between the #l11; state and the next lower level,
411312, is #3600 cm~1. Moreover, the energy gap between
the thermalized (*Hi12, #S32) emitting levels and the
next lower level, 4Fg, is about 3100 cm™1, while the gap
between the *Fy; emitting level and the next lower level,
4lgp, is ~2800 cm~1. Therefore, the presence of the
adsorbants on the nanocrystalline surface leads to a
more efficient depopulation not only of the intermediate
411172 level but also of the emitting levels with respect
to the bulk material. Consequently, lower upconversion
luminescence intensity in the nanocrystalline material
is expected, in agreement with the experimental results.
From these considerations, it is no surprise that blue
upconversion is not observed for the nanocrystalline
samples but only for the bulk ones (see below).

As described above, Y,03:Er3*™ (10 mol %) nanocrys-
tals were heated at 800 °C for 17 h and subsequently
at 1000 °C for 65 h. Once cooled to room temperature,
the nanocrystalline sample was immediately sealed in
a glass capillary and the upconversion luminescence
(Aexe = 980 nm) was measured. The upconversion
spectrum of the heat-treated nanocrystalline sample,
which was obtained under identical experimental condi-
tions as the non-heat-treated sample, showed a small
improvement in the luminescence intensity, but was
still of much weaker intensity than the bulk sample.
As we showed above, the heat treatments did not
entirely remove the adsorbed H,O and CO, from the
surface of the nanocrystals. Therefore, the multiphonon
relaxation rate is still greater than that in the bulk
sample, having identical Er3* concentration and result-
ing in observed weaker upconversion intensity.

A pronounced concentration dependence of the up-
converted emission signal was observed for both the
nanocrystalline and bulk material (see Figures 3 and
4). In the 1 mol % Y,03:Er3* samples, the green (?Hyy,
4S3, — *l1512) emission dominates the spectrum following
excitation at 980 nm. However, as the concentration of
Er3* is increased, we observe an enhancement of the
red (*Fg;, — *l152) emission, which increases at a more
rapid rate than the green emission. This effect is most

(25) Capobianco, J. A.; Boyer, J. C.; Vetrone, F.; Speghini, A,
Bettinelli, M. Chem. Mater. 2002, 14, 2915—2921.

(26) Nakazawa, E. In Phosphor Handbook; Shionoya, S., Yen, W.
M., Eds.; CRC Press: Boca Raton, FL, 1999.
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striking in the nanocrystalline material, where in the
10 mol % sample, the red emission dominates over the
green emission. A marked concentration dependence of
the blue upconversion was also evidenced in bulk Y,Os3:
Erd*. In the 1 mol % sample, the 2Pz — #1411/, transition
dominates the spectrum in the 440—510-nm range.
However, as the Er* ion concentration is increased, the
intensity of the *Fs;, — “l15, transition increases, while
the intensities of the 2Pz — “l112 and *F7z — “lisp
transitions decrease for the bulk samples.

To better comprehend the mechanism(s) which popu-
late the (®Hii2, “S3r2) green- and (*Fgop) red-emitting
levels, the upconversion luminescence intensity was
measured as a function of the pump power. The slope
of the curve of In(Intensity) versus In(Power) is ~2 for
both the green and red manifolds and for all samples
under investigation. Therefore, the upconversion occurs
via a two-photon process and can take place via three
well-known mechanisms:27-29 (i) excited state absorption
(ESA); (ii) energy-transfer upconversion (ETU); and (iii)
photon avalanche (PA). We can immediately rule out
PA as a mechanism of upconversion in Y,03:Er3* as no
inflection point was observed in the power study.3° So
upconversion can occur either via ESA or ETU (Figure
5A). The mechanism for ESA is quite simple, as there
exists an energy level which can be populated by
absorption of a second 980-nm wavelength photon from
the intermediate “l,1, state. So the ion is excited to the
4111 intermediate state via a photon from the pump
beam. Another photon in turn excites the same ion to
the 4F7;; state. Nonradiative multiphonon decay is then
responsible for populating the 2H11/, 4Sap, and 4Fgp
states. Similarly, ETU can also populate the 2H1/, Sz,
and “Fgp states. In this mechanism, two Er®* ions in
close proximity are each excited to the #l1,1/, state. One
ion in turn transfers its energy to the other and
nonradiatively decays back to the ground state. Conse-
quently, the other ion is promoted to the *F7, state. ESA
would be the most likely mechanism in samples with
low dopant concentration as the dopant ions are too far
apart to interact with each other. However, as the
dopant concentration is increased, the probability of
ETU occurring also increases. Evidence of ETU is
provided by the upconverted decay times (lexc = 980
nm), which are lengthened compared to those obtained
following direct excitation of the *F7, excited state with
488 nm.” Lengthening of the upconverted decay times
alludes to the presence of energy transfer in the upcon-
Version process.

If the above mechanisms were solely responsible for
the upconversion, we would then expect upconversion
spectra (lexe = 980 nm) that have identical relative
intensities of the green and red transitions as the direct
excitation (lexe = 488 nm) spectra. This clearly is not
the case as we observe an enhancement of the red
emission as the Er3* concentration is increased. Thus,
we propose that another mechanism is responsible for
populating the *Fg;; state only. A mechanism for the
direct two photon population of the *Fg, state is ruled

(27) Bloembergen, N. Phys. Rev. Lett. 1959, 2, 84—85.

(28) Auzel, F. C. R. Acad. Sci. (Paris) 1966, 262, 1016—1019.

(29) Chivian, J. S.; Case, W. E.; Eden, D. D. Appl. Phys. Lett. 1979,
35, 124—125.

(30) Joubert, M. F.; Guy, S.; Jacquier, B. Phys. Rev. B 1993, 48,
10031—-10037.
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Figure 5. (A) Schematic representation of the excited-state
absorption (ESA) and energy-transfer upconversion (ETU)
mechanisms. The 4F7, — 4Fg, and *Fg;, < #1411, cross-relaxation
(CR) process responsible for populating the “Fg; state is also
shown. (B) Schematic representation of the three-step phonon-
assisted energy-transfer (PET) upconversion process respon-
sible for populating the 2P3, state.

out as no resonance exists; therefore, there must exist
some process that allows for the bypassing of the 2Hy1,
and 4Sgz, levels and transferring of the pump energy to
the “Fg, state. We propose that a cross-relaxation
process is responsible for populating the “Fg; level and
occurs via two resonant transitions (Figure 5A): *Fzp,
— 4Fgp and *Fg < 41112.31 In fact, the efficiency of the
cross-relaxation process would increase on decreasing
the average distance between the dopant ions and
therefore with increasing the Ers* concentration, giving
rise to the enhancement of the red emission, in agree-

(31) Wittke, J. P.; Ladany, I.; Yocom, P. N. J. Appl. Phys. 1972,
43, 595—600.

Vetrone et al.

ment with the obtained experimental data (see Figure
3).

We have discussed the mechanisms responsible for
populating the 2Hj15, S32, and *F, states. However,
we cannot rule out the presence of even more upcon-
version mechanisms. We observe emission from the 2Pz,
and “Fsy, states for the bulk yttria samples (see Figure
4), which is higher in energy than that in the *F;, state,
which is populated by the ESA and ETU mechanisms.
Therefore, it follows that other mechanism(s) may be
operative beyond those previously discussed. This hy-
pothesis was elucidated by the power study of the three
manifolds in the blue region of the spectrum. This study
revealed that the intensities of the *Fs;, — I35, and *F7p
— 411512 transitions obey a quadratic dependence while
the intensity of the 2Pz, — #1115, transition obeys a cubic
dependence on the pump power. That is, the *Fs;; and
4F72 levels are populated via a two photon upconversion
process, while three photon upconversion populates the
2P3/2 state.

Again, as the relative intensities of the *Fs;, — 4115,
2P3, — 411152, and *F72 — 41152 transitions change with
the dopant concentration, we can presume that a
concentration-dependent upconversion process is active.
The mechanism to populate the *F, state is described
above. However, the 4Fs); level lies ~1400 cm~1 higher
in energy with respect to the *F7; level and thus two
980 nm wavelength photons do not have the necessary
energy to populate the “Fsp level. Therefore, it is
conceivable that 2—3 intrinsic phonons of yttria can
bridge the gap and allow for the population of the state
via a phonon-assisted energy-transfer process (PET).
The population of the 2P3, level involves 3 photons,
however; the Er®* energy level diagram reveals that
there is no energy level, which could be populated by a
sequential absorption of three pump photons. In fact, if
the “F7; level is populated by ESA or ETU, and
nonradiatively decays to lower lying levels, again there
is no energy level that could be populated by the
absorption of another 980 nm wavelength pump photon.
Similarly, if the ion in the ground state is excited by
one photon to the #l11/> level and then nonradiatively
decays to the lower *l13), level, there is no higher energy
state, which is resonant with the “l,3,, state. Therefore,
we propose that another PET mechanism populates the
2P3, level (Figure 5B) in which 1—2 phonons are
requested to compensate the mismatch in energy (~690
cm™1).

A possible explanation for the change in the relative
intensities of the blue upconversion is the following. As
shown in Figure 4, the intensity of the “Fg, — “*lis5p2
transition increases significantly with increasing Ers*+
concentration and this behavior is most probably due
to the increasing number of emitting ions. On the other
hand, the intensities of the 2Pz, — 41112 and 4F7pp — 4152
transitions decrease as the concentration of Er3* in the
material increases. In particular, the 2Pz, — %l
emission intensity almost disappears at the higher Er3*
concentration, indicating a dramatic decrease in the
population of the 2Pz, state. An explanation for these
behaviors could be invoked by considering that the
efficiency of the (*F7j2, *l112 — *Fej2,*Fop) cross-relaxation
process, which depopulates the 4F;, state, increases
with increasing dopant concentration. Correspondingly,
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the intensity of the “F;2 — “li52 emission would
decrease, in agreement with the experimental data (see
Figure 4). Moreover, since the 2P3; level is populated
starting from the *F7; level, a decrease in the population
of the #F7, state would also translate into a decrease of
the population of the 2P, state and therefore in a
decrease of the intensity of the 2Pz, — 4111, emission,
in agreement with our experimental findings.

Conclusions

The concentration dependence of the upconversion
properties for nanocrystalline and bulk Y,03:Er3* was
studied. Following excitation at 980 nm, the green
(®H112, 4S32 — *l1512) emission dominates the upconver-
sion spectrum for both the 1 mol % doped nanocrystal-
line and bulk samples. However, as the concentration
of Er®* dopant is increased, an enhancement of the red
(*For2 — *l152) emission was observed for both the doped
nanocrystalline and bulk samples. This behavior was
more pronounced in the nanocrystalline material where
the red emission becomes more intense than the green
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one and occurs via a cross-relaxation mechanism, which
bypasses the green-emitting levels, and populates the
4Fg, state. A concentration dependence of the blue
4Fsr2 = 4l1sj2, *P32 — #1172, and *F7, — 4115, upconverted
emission was observed in the bulk material. The inten-
sity of the 4Fs;, — “l52 transition increases as a function
of concentration while that of the *P3, — “l11» and
4F7; — 41152 transitions decrease with increasing Er3+
content. Competition with the (*F72, *111/ 2 — *For, *For2)
cross-relaxation process reduces the population in the
4F7, state, and consequently in the 2P3, state, resulting
in lower upconverted intensities.
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