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Abstract

The effect of Yb3+ ions on the blue upconversion (UPC) emission of Yb3+–Tm3+ co-doped ZrO2 nanocrystals is reported. The

blue (490 nm) UPC emission is due to 1G4–
3H6 transition of Tm3+ and the pump power dependence of this UPC emission band are

cubic indicating that three excitation photons are involved in the UPC process. An additional UPC emission band at 505 nm is

observed when the Yb3+ concentration is above 1.25 mol%. The pump power dependence of the emission at 505 nm is quadratic,

indicating that this emission may have its origin from excited Yb3+ pairs producing cooperative UPC.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

There has been a growing interest in the study of rare-

earth (RE) doped materials for frequency upconversion

(UPC) of infrared radiation into shorter wavelengths for

photonic and biophotonic applications [1–11]. Intensive

research efforts are therefore devoted to design and tune

of the upconversion properties of these materials. A very
broad range of unprecedented optical properties can be

observed by changing the host lattice and dopant con-

centration. From the fundamental point of view, the

physical understanding of UPC emission of rare-earth

ions in oxide nanocrystals and the way it changes with

size, crystal phase and concentration is not well under-

stood. It is well known that the electronic f–f transitions

of rare-earth ions involve electrons which are localized
in atomic orbitals of the ions. Therefore, no size-depen-

dent quantization effect (due to confinement of delocal-
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ized electrons) is expected in these transitions. However,

nanoscopic interactions play key roles in controlling the

excitation dynamics. Recently, we have reported the

influences of dopant concentration, crystal size and crys-

tal structure on the emission properties of erbium ions in

oxide nanocrystals [8–12]. Among the oxide hosts, the

zirconia matrix seems to be an ideal medium for prepa-

ration of highly luminescent materials because it is
chemically and photochemically stable, has a high

refractive index and low phonon energy [8]. Studies of

the upconversion process in thulium (Tm3+) doped

materials are of great interest because Tm3+ exhibits

strong fluorescence in the violet and blue region [6].

The main goal of this work is to study the upconversion

luminescence of Tm3+:Yb3+ co-doped ZrO2 matrix and

how this property changes with changing co-dopant
concentration of Yb3+-ions. Apparently, there is no

report on the study of blue UPC emission of Tm3+:Yb3+

co-doped ZrO2 nanocrystals.

This report includes the synthesis and investigations

of how the concentration of Yb3+ ions affects the
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upconversion emission properties of Yb3+ and Tm3+ co-

doped ZrO2 nanocrystals prepared via a sol-emulsion-

gel process.
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Fig. 1. Powder X-ray diffraction patterns of different compositions of

Yb3+ and Tm3+ co-doped ZrO2 nanocrystals obtained after annealing

at 1000 and 1150 �C.
2. Experimental procedure

The sol-emulsion-gel [8–12] method was used for the

preparation of Yb3+–Tm3+ co-doped ZrO2 nanoparti-

cles. No report has been found on the preparation of

sol-emulsion-gel synthesis of Yb3+–Tm3+ co-doped

ZrO2 nanoparticles, to our knowledge. Zirconia propox-

ide (Fluka), thulium acetate (Aldrich) and ytterbium

acetate (Aldrich) were used as the starting materials.
First, three milliliters of glacial acetic acid was slowly

added to 10 ml of zirconia propoxide and stirred for

30 min. Then 20 ml of n-propanol was added to the solu-

tion, which was further stirred for 15 min at room tem-

perature. Four milliliters of 50% aqueous acetic acid was

slowly added to the above solution under stirring which

resulted in a clear transparent solution. Then, required

amount of ytterbium and thulium acetate was added
to this solution. The emulsified sol droplets were ob-

tained through water-in-oil (w/o) type emulsions with

cyclohexane and sorbitan monooleate (Span 80, fluka)

as the organic liquid (oil phase) and non-ionic surfac-

tant, respectively. The support solvent containing

5 vol% of span 80 in cyclohexane was used for emulsifi-

cation, i.e., for the preparation of water-in-oil (w/o) type

emulsion in the present study. The volume ratio of the
sol and cyclohexane was 1:4. A measured amount of

ytterbium and thulium acetate doped zirconia sol was

then dispersed in the solvent under stirring condition.

The sol droplets formed in the process were then gelled

by the controlled addition of a base. The gel particles

were separated by centrifugation followed by washing

with acetone and methanol. The product was dried at

60 �C in air for 12 h. The dried materials were ground
and calcined at 1000 and 1150 �C for 1 h.

The crystalline phases of sintered powders were iden-

tified by X-ray diffraction (XRD). The spectra were re-

corded from 20� to 70� with increments of 0.5�. The

crystallite sizes of the nanocrystals were calculated fol-

lowing the Scherrer�s equation:

D ¼ Kk=b cosH; ð1Þ

where K = 0.9, D represents crystallite size (Å), k, the
wavelength of Cu Ka radiation and b the corrected

half-width of the diffraction peak. We pressed the parti-

cles to form a smooth, opaque flat disk for optical study.

The samples were irradiated with a diode laser emitting

at 980 nm and the UPC fluorescence (easily visible) was

collected with a multimode fiber connected to a mono-
chromator attached to a photomultiplier tube. The sam-

ple luminescence dynamics were analyzed using a digital

fast oscilloscope (100 MHz). The UPC signal was sent to
a personal computer for processing. The measurements

were performed at room temperature.
3. Results and discussion

The powder XRD patterns (Fig. 1) show the presence

of monoclinic, tetragonal and cubic phases of different

compositions of Yb3+–Tm3+ co-doped ZrO2 nanocrys-

tals obtained after annealing at different temperatures.

Two strongest lines are at 28.2� (1,1,�1) and 31.4�
(1,1,1) for the monoclinic phase (m) (JCPDS 37 1484)

and the strongest line at 30.17� (111) is for the metasta-

ble tetragonal phase (JCPDS 17 0923). The spectra show
that the dominant structure is the monoclinic phase (m)

for 1000 �C annealed Yb3+–Tm3+ (1.25:0.25 mol%) co-

doped ZrO2 nanocrystals and the percentage of mono-

clinic phase is 65.97%. However, the tetragonal phase

(t) is dominant for 1000 �C annealed Yb3+–Tm3+

(2.5:0.25 mol%) co-doped ZrO2 nanocrystals. It is inter-

esting to note that the percentage of tetragonal phase

formation increases (75.87–84.10%) with increasing the
annealing temperature from 1000 to 1150 �C for Yb3+–

Tm3+ (2.5:0.25 mol%) co-doped ZrO2 nanocrystals. In

case of 1000 �C annealed Yb3+–Tm3+ (5:0.25 mol%)

co-doped ZrO2 nanocrystals, only cubic phase (c)

(JCPDS 27 0997) is obtained. The diameter of rare-earth

ion (M3+) is larger than that of Zr4+; the introduction of

such ion will induce the change of ZrO2 lattice. At low

dopant concentrations, monoclinic structure of zirconia
is observed with space group of P21/c, where each Zr

atom is in sevenfold coordination with oxygens. It is

seen that tetragonal phase increases with increase the

temperature (1000–1150 �C) and concentration of
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Yb3+-ions from 1.25 to 2.5 mol%. The crystal structure

of tetragonal ZrO2 is a body centered lattice with the

space group P42/nmc. The effect of increasing the tetrag-

onal phase is due to removal of oxygen vacancies, which

helps to reduce the nonradiative relaxation. It is well

known that the stabilization of the fluorite-type zirconia
lattice can be achieved by oxygen vacancies mechanism

for trivalent dopants [13]. For ZrO2–3.0 mol% Yb2O3,

Michel et al. [14] proposed tetragonal zirconia as a layer

structure in which tetragonality is attributed to the

strong bonding of Zr–OI within the layers and weak

bonding of Zr–OII between layers. However, at higher

concentration (5.0 mol% Yb), the cubic phase (space

group Fm3m) becomes dominant with larger amounts
of O2� ion vacancies, which influence the nonradiative

relaxation. These results clearly indicate the crystal

structure and crystal symmetry are depending on the

annealing temperature and concentration of dopant

ions. The average crystal sizes (using Eq. (1)) are

31 ± 2 and 36 ± 2 nm (calculated from tetragonal phase)

for 1000 and 1150 �C for Yb3+–Tm3+ (2.5:0.25) co-

doped ZrO2 nanocrystals, respectively. Therefore, with
increasing the temperature of annealing the crystal size

increases due to growth of particles. This dependence

indicates the important role on the Yb3+ dopant content

as a control for the crystal phase and crystal size. This

results show how the crystal phase and crystal size can

be controlled by changing the Yb3+ concentration and

annealing temperature. The SEM observation of

Yb3+–Tm3+ (2.5:0.25) co-doped ZrO2 nanocrystals pre-
pared at 1150 �C shows that the particles are in aggre-

gated form and the average diameter is about 70–80 nm.

The upconverted luminescence of different composi-

tions of Yb3+–Tm3+ co-doped ZrO2 nanocrystals pre-

pared at different temperature of annealing are shown

in Fig. 2. The UPC emissions bands centered at 476
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Fig. 2. Upconverted emission spectra of different compositions of

Yb3+ and Tm3+ co-doped ZrO2 nanocrystals obtained after annealing

at 1000 and 1150 �C (shown with the symbol �*�).
and 490 nm are observed in all studied samples under

excitation at 980 nm. Generally, the f–f transition is

very narrow and exhibit multiple structures derived

from electronic interactions, as well as spin–orbit cou-

pling. The emission band at 476 nm arises due to the

effect of crystal field. It is also seen that the intensities
of these bands increase with increasing the concentra-

tion of Yb3+ and further decrease when the concentra-

tion of Yb3+ ions reaches at 5.0 mol%, which may be

due to concentration quenching [12]. A significant

observation is made when the concentration of Yb3+

ions is higher than 1.25 mol% in Yb3+–Tm3+ co-doped

ZrO2 nanocrystals. That is a new emission band at

505 nm. Here, we can definitely say, concentration of
Yb3+ ions has also played an important role in the gen-

eration of new upconversion emission band. To explain

the mechanisms responsible for the UPC processes

observed in our samples, we use the energy level dia-

gram as shown in Fig. 3. First, excitation photons of

980 nm are strongly absorbed by isolated Yb3+ ions

because the diode laser wavelength matches with the

absorption transition between the ground state (2F7/2)
and the excited level (2F5/2) of Yb3+. These ions act as

sensitizers and this absorption process is strongly depen-

dent on the distance between neighboring ions. After

absorption of photons by Yb3+, energy transfer takes

place between Yb3+ and Tm3+. The first step of this

energy transfer process occurs from excited state 2F5/2

of Yb3+ to level 3H5 of Tm3+. Then, the population
Fig. 3. The energy level diagram for Yb3+ and Tm3+ ions under

980 nm excitation.
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Fig. 5. Variation of the upconverted emission intensities with pump

power for Yb3+ (2.5 mol%)–Tm3+ (0.25 mol%) co-doped ZrO2 nano-

crystals obtained after annealing at 1000 �C.
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accumulated at level 3H5 decays rapidly to the metasta-

ble level 3F4 of Tm
3+. The second step of energy transfer

takes place from another excited Yb3+ (at level 2F5/2) to

Tm3+ populating levels 3F2 and
3F3 from level 3F4. Then

the population decays to level 3H4. The next step of ET

occurs from a third excited Yb3+ (at level 2F5/2) to Tm3+

populating the high-lying excited state 1G4 from level
3H4. The bright blue peaked at 476 and 490 nm are as-

signed to 1G4–
3H6 transition of Tm3+ and it is a three-

step energy transfer (ET) process from Yb3+ ions. The

emission line peaked at �505 nm does not appear in

the spectrum of the sample with lower doping concen-

tration of Yb3+ and therefore this emission are not

originated from Tm3+ ions. In 0.25 mol%, Tm concen-
tration, the mean distance (R) between the Tm3+ ions

is estimated by R = 0.62/(N)1/3 (where N is the concen-

tration of ions) to be 1.81 nm, but the distance between

the Yb3+ ions in Yb3+–Tm3+ co-doped ZrO2 nanocrys-

tals are 1.06, 0.84 and 0.66 nm for 1.25, 2.5 and

5.0 mol% Yb3+ ions concentration, respectively [15]. It

is known that the ions in low concentration are usually

randomly distributed in the host lattice and the dis-
tances are too far apart but at higher concentration,

the distances between two ions are shortened, thus lead-

ing to formation of pairs. Therefore, we believe that the

emission at 505 nm may be cooperative UPC from Yb3+

pairs [16]. The mechanism responsible for this UPC pro-

cess is shown in Fig. 4. First, the excitation photons at

980 nm are strongly absorbed by isolated Yb3+ ions and

then by dipole–dipole interaction with neighboring
Yb3+ ions due to high concentration give rise to the

Yb3+–Yb3+ pair formation which gives the emission at

505 nm. In order to analyze the UPC mechanism which

populates the 1G4 level, the pump power dependence of

the emission from 1G4 ! 3H6 level at 490 nm was inves-

tigated on excitation intensity at 980 nm and the results

are shown in Fig. 5 (squares). The experimental data

have been fit with a straight line with slope of �3 which
indicates that the blue UPC emission from Tm3+ is a

three photon process. However, the pump power depen-

dence of the emission at 505 nm was investigated on
  2F5/2 

   980 nm   505 nm     980 nm

 2F7/2

   Yb 3+         Yb 3+

Fig. 4. Energy level diagram of Yb3+–Yb3+ pairs and proposed

cooperative energy transfer pathways is shown as dotted lines and the

upconversion emission as dashed lines.
excitation intensity at 980 nm and the result is also

shown in Fig. 5 (triangles). It is known that the intensity

of the upconverted luminescence, Io, is proportional to

some power n of the excitation intensity Ii, i.e., IoaI
n
i ,

where n = 2,3, . . .. For the interpretation of the upcon-

verted luminescence, it is often assumed that n is the or-

der of the upconversion process, i.e., the number of

pump photons required to populate the emitting state
and is determined from the slope of the line of the graph

of intensity versus pump power. The experimental data

has been fit with a straight line with slope of �2 (qua-

dratic), which confirms that this emission line is a

two-photon (or pair) absorption process which indicates

this is a cooperative emission. Results reveal that the

crystal structure, crystal size and dopant concentration

are important but crystal structure and dopant concen-
tration are more important in rare-earth doped nano-

crystals. Our analysis of the dynamics of the

luminescence showed that the rise time of the UPC sig-

nal peaked at 490 nm is faster for the sample with lower

Yb3+ ions (1.25 mol%). The rise time is single exponen-

tial and the value is 1.1 ms for Yb3+–Tm3+

(1.25:0.25 mol%) co-doped ZrO2 nanocrystals. How-

ever, with increasing the concentration of Yb3+, the
bi-exponential curves are observed. The values are 1.6

and 9.5 ms for Yb3+–Tm3+ (2.5:0.25 mol%) co-doped

ZrO2 nanocrystals and 1.5 and 8.1 ms are for Yb3+–

Tm3+ (5.0:0.25 mol%) co-doped ZrO2 nanocrystals.

The luminescence rise is related to the lifetime of inter-

mediate excited states involved in the UPC processes.

Note that the longer time constant of the bi-exponential

curves is the same order of magnitude of the excited
state lifetime of Yb3+. This indicates that the impor-

tance of Yb3+ ions in the UPC process observed in

our samples. There is another channel competing at

higher Yb3+ ions doping with the population loading
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of excited state of Tm3+, viz., cooperative UPC as

shown in Fig. 4.
4. Conclusions

In summary, we have observed infrared-to-blue

upconversion in Yb3+–Tm3+ co-doped ZrO2 nanocrys-

tals under near-infrared radiation (980 nm). We have

shown that the crystal structure, crystal size and UPC

emission can be tuned by controlling the Yb3+ concentra-

tion. Our results highlight the importance the role of

Yb3+ ions on crystal structure, crystal size and upcon-

verted luminescence property of Yb3+–Tm3+ co-doped
ZrO2 nanocrystals. We have also confirmed that the

pump power dependence of blue (490 nm) UPC emission

is cubic indicating that three excitation photons are

involved in the UPC process. However, the pump power

dependence of the emission at 505 nm is quadratic, indi-

cating that this emission is cooperative UPC from pairs

of Yb3+. In conclusion, we must say that concentration

of Yb3+ ions has played a major role on blue upconverted
emission in Yb3+–Tm3+ co-doped ZrO2 nanocrystals.
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