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1. INTRODUCTION

Recently, one-dimensional (1D} rare carth ions doped
- nanophosphors have received extensive attention due to
1 their potential application in fields such as optoelectronic
U devices,? low-threshold laser,’ biological fluorescence
& labels ete.*® 1D core-—shell composite structures are exten-
sive scientific and technological interests due to the ability
10 tune their properties.®*® Core-shell materials consist of
a core structural domain covered by a shell domain. In
this structure, on one hand, the surface defects around the
. luminescent ions can be modified, thus reducing the non-
% radiative pathways. On the other hand, the core’s proper-
ties can be influenced by the surface addition of selected
atomic or molecular species. Up to now, many reports are
available regarding ways to improve the luminescent char-
acteristic of nanocrystals.” ™!

Upconversion luminescence (UCL) from near-infrared
(NIR) to visible wavelength in materials doped with
trivalent rare earth (RE) ions has atfracted considerable
interests, especially since the availability of high-power
infrared laser diodes.”'" As the candidates of upconver-
sion nonmaterial Gd,0, nanocrystals (NCs) doped with
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The Gd,04:Er*/Gd,0,:Yb¥* core—shell nanorods (NRs) as well as Er** and Yb** homogenecusly
codoped Gd,0, NRs were synthesized by the hydrothermal method. The average diameters of the
NRs are ~20 nm and the lengths are 150200 nm. The thickness of the Gd,0,:Yb* shells on the
Gd,04:Er* cores are ~5 nm. The upconversion luminescence (UCL) properties of the core-sheil
NRBs have been studied in contrast to homogeneously codoped NRs under 978-nm taser diode
excitation. Green emissions of 2Hy, , *S3,,~"l15/2. and red emissions of *Fg,,~*l,5,, were observed.
Relative intensity of the red (*Fg;~*lis/s) to the green (*S;,/7Hyy ,—"hs,) and the intensity ratio
(Rus) OF 2H,y 015, 10 My -5, decrease obviously in the core-shell NRs compared to the
NRs. The power-dependence of UCL intensity and the thermat effect caused by 978-nm diode laser
irradiation was studied. The result indicates that the cross-relaxation effect and the thermal effect
in the core-shell structure is effectively depressed.

Keywords: Lanthanide, Photoluminescence, Nanocrystals.

Er** ions and sensitized with Yb** ions has been widely
studied due to Er** ion has a favorable eneegy levels capa-
ble of infrared pumping that closely maiches the most
attractive 978-nm laser diode (LD) wavelength, which is
in fair agreement with the peak wavelength of Yb** ion
absorption.'* Increasing the Yb*" concentration can result
in increase UC efficiency. Nevertheless, too high dopant
concentration will guench the UCL due to the cross relax-
ation. Our previous work has found that with increase of
the Yb** concentration, the sample temperature at the irra-
diated spot increases remarkably, which will fead to the
quenching of UCL." Therefore, the dopant ions spatial
distribution and the depressing of the thermal effect are
expected to play the important roles in the UCL. Here, we
prepared the Gd,04:Er**/(Gd,0,:Yb*™ core—shell nanorods
(NRs), which spatially separate the Er** and Yb*" ions in
two different layers. It is important to observe that sepa-
rating the luminescent centers (Er’*) from the Yb*" ions
can effectively reduce the local thermal effect induced by
laser trradiation.

2. EXPERIMENTAL DETAILS

The samples were prepared by the two-step hydrother-
mal method. Synthesis of Gd(OH),:Er't(2%) core and

2677

doi: 10,1 166/nn 20091295




Improved Upconversion Luminescence Properties of Gd,0,:Er*"/Gd,0,:Yb* Core~Shell Nanorods

Bai er al,

codoped Gd,O03:Er**, Yb¥™ (2%, 2%) NRs:appropriate
amounts of high purity Gd, 04, Er,O; (1:0.02 mol ratio)
and Gd,04, Er, 05, Yb, Oy (1:0.02:0.02 mol ratio) were
dissolved in concentrated HNO, first. Then appropriate
volume dilute KOH solution was added to the nitrate solu-
tion to form GA(OH);. Diluted KOH solution (1 M) was
used to adjust the pH values of Gd{(OH}; solutions; the
final pH value was 13. After a thorough stirring, the col-
loid solution was transferred into several ciosed Teflon-
lined autoclaves and subsequently heated to 130 °C for
17 h, The obtained suspension was centrifuged and super-
natant was discarded. The resultant precipitate was washed
with de-ionized water several times, and then the codoped
Gd(OH), precipitate was dried at 70 °C. Following the
above procedure, the codoped Gd(OH); powders were
obtained and converted into Gd,04:Er*", Yb** (2%, 2%)
after annealing at 300 °C for 2 h. This sample is named
NRs.

Coating of Gd,0,:Er’” (2%) core with Gd,0,:Yb**
(2%/4%) shells: the obtained Gd(OH};:Er'* (2%) core
precipitate was divided into equal two paris on average.
Appropriate amounts of Gd(NQ,),, Yb(NO;), (1:0.02/
0.04 mol ratio) solution and the two core precipitate were
mixed in molar ratio of (1.5:1, respectively. After ultrason-
ically dispersing for about 1 h, ammonia solution (0.2 M)
was slowly added, and the final pH value was adjusted

T
to 1011, The as-obtained colloidal precipitate was frang-
ferred into several autoclaves and kept at 170 °C for
17 h. The precipitate was then centrifuged, washed, drieq
and annealed at 500 °C for 2 h. In this way, the core..
shell structured Gd,04:Br’" (2%)/Gd,0,:Yb™ (2%) apg
Gd,04:Er** (2%)/Gd,0,:YD™ (4%) core-shell NRs have
been obtained. The samples are named as CS1 and C$y
respectively. ‘

In the measurements, X-ray diffraction (XRD) data were
collected on Rigaku/max-rA X-ray diffractometer using
a Cu target radiation source (A = 1.54078 A). Transmis-
sion electron micrographs (TEM) were taken on JEM-201¢)
electron microscope. High-resolution transmission electron
micrographs (HR-TEM) images were recorded on a JEM.
3010 transmission electron microscope. In UCL experi-
ments, a 978-nm diode laser having a powder maximum of
2 W was used to pump the samples. The visible emissiong
were collected using a Hitachi F-4500 spectrophotometer
equipped with a continuous 150 W Xe-arc lamyp.

3. RESULTS AND DISCUSSION

Figure 1{a) shows transmission electron microscopy
(TEM) images of the nanocrystalline Gd(OH),:Er**/Yp3+
powders before coating. Tt is obvious that all the
nanocrystalline powders yield homogeneous NRs, with
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average diameter of ~20 nm and length of 150-200 nm.
Figure 1{b) gives the TEM image of the dehydration of
e GA(OH);:Er**/Yb** NRs. We can see that the mor-
phologies of these nanostructures could be maintained
after thermal treatment and the sizes of the Gd,0; NRs
are slightly small than the hydroxide precursors owing
to the elimination of H,O in the calcinations process,
which had been reported by some works.”>'* Some groups
investigated the formation mechanism of growth of {-D
panostructures.'®'® They believed that the crystal struc-
turs is the important factor determines the growth behav-
ior of the nanocrystals. As is well known, Gd{OH},
have a hexagonal crystal structure that is very prefer-
able for the growth of NRs.'® Figure 1l{c) depicts the
magnified image of the NRs shown in Figure i(b),
which demonstates that the surfaces of NRs are smooth
and without amorphous layers. Figures 1(d) and (e) are
the TEM images of the Gd(OH),:Er’"/Gd(OH),:Yb*"
and  Gd,05:Er*t/Gd,0,:YD™  NRs respectively. The
Figure 1() displays a typical Gd,O4:FrH/Gd,0,:Yb*
Nis found in the composite. It can be observed that for
most of the NRs the outer sides have been fully coated by
Gd,0,:Yb* layers. Figure 1(f) more clearly shows that
the thickness of the coated outer-layer is usually ~3 nm,
which can be identified by the brighter edge. The HRTEM
image of an individual core—shell NRs shows that the
core of Gd,0, are well-crystallized and the multicrystal
narure (Fig. 1{g)). The shell exhibits the crystallized layers
closely adherent to the NRs surface. The innermost shell
layers are approximately parallel to the growth axis of the
core, while the ontermost shell layers exhibit a somewhat
disordered structure. Figure 2 shows the XRE patterns of
the two different samples. It can be identified that the crys-
tal structures of them all belong to pure cubic phase.
Figure 3 shows the normalized UCL spectra in Gd; 0,
powders under 978-nm excitation in various samples. In
the spectra the green lines of ?Hy,,,, *S; ;L5 and red
lines of *F, /2—41,5 /2 can be distinguished. In comparison
tc the Er**, Yb*™ homogeneously doped Gd,0; NRs, the
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Fig. 2. The XRD patterns of the different powders.
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Fig. 3. Upconversion luminescent spectra in Gd, 05 Er**/¥b** NRs and
Gd, 0, B3 /Gd, 0,1 Y™ core—shell NCs under 978-nm excitation (I, =
732 mw),

UCL in the core-shell NRs demonstrate two features:
(1) the relative intensity of the red (*Fy;,~*I;s,) to the
green (*S;,/"H,, ;1,5 decreases; (2) and the intensity
ratio (Rys) of “Hyjp~"hisjp to 28;,~"1;s, decreases. The
upconversion mechanism and population processes in Er'
and Yb** codoped systems is well known, which were pre-
sented in Figure 4, The red and green upconversion occurs
via two successive transfers of energy from theYb*™ ion
to the Er'™ ion.'*'*: First, the Er’t ions are exited from
the ground state *I;5, to the excited state *I;,, via ET
of neighboring Yb** and Er*". Subsequent nonradiative
relaxations of I, ,—*I;5,» also populate the "I, level.
Second, the same laser pumps the excited state ions from
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Fig. 4. The upconversion mechanism and population processes in Er**
and Yb* codoped systems.
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the *1;;, to the *F,, levels via ET and existed absorption
(ESA), or from the I, to *Fy,, states via phonon-assisted
ET. The excited ions on 41:7/2 nonradiatively relax to the
green levels of *S;,, and *H,,,, gencrating green emis-
sion of “S;,~*1,5,, while the excited Er*" ions on *Fy,
generate red emission of *Fy ,~*1;5,,.

The relative intensity change of green to the red
between the NRs and the core~shell NRs can be mainly
attributed to the depressed nanradiative relaxation and the
cross-Telaxation process.'” For the red emission, the non-
radiative relaxation of *I;;,, — *L,3, or the *Fy, +71;,
—> *Fy,, +*Fy , cross-relaxation mechanism should be con-
sidered. In the NRs, the existence of surface contamination
with available farge vibrational modes such as CO:~ and
OH~ leads the nonradiative relaxation to increase con-
siderably. In the core—shell NRs, the surface of core is
modified well by the shell. Thus, the nonradiative relax-
ation decreased due to those Er’" ions are shielded from
the surface adsorptions. In addifion, the cross-relaxation
mechanism is dependent of the spatial distance between
Er’* and Yb* ions. In the core-shell NRs, the average
distance between Er’ and Yb* increases due to that the
Er** and Yb* ions locate in two different layers, lead-
ing to the decrease of the cross-relaxation and the relative
increase of the green emission. Furthermore, it s obvi-
ously to find that the effective energy transfer from Yb* w
Er** is taken place in the three samples from the Figure 3.
In the literatures, the critical separation values of the order
of 1.5 nm have been reported for the nonradiative energy
transfer for Yb*" and Er** ions doped in matrices of dif-
ferent nature.”*' This means that for separations larger
than the critical separation, the probability of nonradiative
energy transfer is greatly reduced. In the core-shell NRs,
the thickness is about 5 nm, since the probability of nonra-
diative energy transfer is very low. Nevertheless, the lumi-
nescent intensity for CS1 and CS2 is larger than that for
the NRs. We suggested that the radiative energy transfer,
i.e., reabsorption might be playing an important role.?!

The variation of the intensity ratio (Ryg) of *H,, -~
115/ t0 #8;,5-*1,5,5 is closely related to the thermal effect.
The energy separation between “H,,, and *S,,, is only
several hundreds wavenumbers (~700 cm™'}. The popu-
lation distribution between “H,,, and *S;,, is dominated
by the Bolszmann thermal distribution. This will lead the
Rys to be sensitive to temperature. Therefore, Ryg is a
critical parameter to study the thermal effect in different
samples under the exposure of the 978-nm diode laser.
Figure 5 shows the intensity ratio of *H,, ,,~"I;5/, 10 *S;
*I}5;, as a function of excitation power in various samples.
It is obviously to observe that the intensity ratio in the
core-shell NRs is always smaller than that in the homo-
geneously doped NRs, even as the Yb*F concentration is
higher than that in the core-shell NRs. The larger Ry
means the higher local temperature surrounding Er’™ ions
under the exposure of the 978-nm light. It is not strange
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excitation power in different samples.

that the local temperature increases with the increase of
excitation power and Yb*" concentration. Here, the inter-
esting phenomenon is that in the core-shell NRs the local
temperature surrounding luminescent Er'* becomes lower
in contrast to the homogeneously codoped powders, sug-
gesting that the thermal effect is avoided to some content.
This can be attributed to the thermal “isolation” between
Yb** absorbers and Er®* luminescent centers.

Figures 6(a) and (b) shows the logarithm plots of the
emission intensity as a function of excitation power, for
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Fig. 6. In-In pot of emissions intensity as a function of exgitation powel

in different samples, (a) the red emission, and {b} the green emission.
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the green and red emissions in different powders, respec-
gvely. The slope (n) in the In-In plot increased obviously
in the core-shell NRs as shown in the Figure. For the
reen ernission, the values of n were determined to be
1,91, 2.27, and 2.15, respectively, in NRs, CSi, and CS2.
For the red, the values of n were determined o be 1.64,
1.87, and 1.75, respectively, in NRs, CS1, and CS2. As 1s
well known, for any upconversion mechanism the visible
outzuit power intensity {I,) will be proportional to some

':5 power (n) of the infrared excitation (fig) power™ 1,
. I§, where n is the number of IR phonons absorbed per
- yisible phonon emitted. Generaily, the stope for the UCL
. via a two-photon process approximately equals to 2, how-
. ever, the previous studies indicate that in Gd,0; NRs the
¢ intensity of UCL is proportional to the square of exci-
- nation power when the linear decay of the intermediate
© staie is the dominant, while the intensity is proportional
- w0 excitation power when the upconversion is the domd-
.~ pant mechanism.'* The present slope increase in the core—
- shell NRs may be caused by the decreased ET probability
¢ from YB* to Er*, resulting in decreased upconversion

relative to the nonlinear decay. On the other hand, the
thermal effect may decrease the luminescent intensity as
the pumped power high enough, which also causing the
decrease of the slopes. In the core-shell NRs, the thermal

. effect is effective depressed as discussing above, resulting
© in the larger stopes in CS1 and CS2 comparing to the NRs.
¢ The slopes of the red emission are smailer than that of the
. green emission in all the samples, which can be atiributed
¢ to the difference of the intermediate level between the
. green and the red emission. The intermediate level of the
. gresn emission is *1,, ,, while that of the red emission is
- *l1:5- On the 1)/, level, the rate of linear decay is much
. larger than that on *I,,,, because of cfficient nonradiative
- relaxation of *F; p="T ;5.

4, CONCLUSION

- Tn conclusion, Gd,0,:Er**/Gd,05:Yb*" core-shell NRs as
 weil as BT, Yb>" homogeneously codoped Gd,0; NRs
| were synthesized by the hydrothermal method. In the core-
¢ shell NRs, due to the decreased cross-relaxation between
: Er't and Yb** ions and the depressed thermal effect
" caused by the “isolation” of Er’* luminescent centers

. J Nanosci. Nanotechnol. 9, 2677-2681, 2009

from Yb¥ sbsorbers, the UCL properties of Er't ijons
were considerably improved in contrast to the Gd,0,:Er'*,
Yb** NRs.
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