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In this paper, the upconversion luminescent properties of Gd,05: Er**, Yb** nanowires as a function
of Yb concentration and excitation power were studied under 978-nm excitation. The results
indicated that the relative intensity of the red emission (*Fy,-*I,s/,) increased with increasing the
Yb** concentration, while that of the green emission (*S;,,/?H,,,,-"I,s,) decreased. As a function of
excitation power in In-In plot, the green emission of *S,,-*I,5/, yielded a slope of ~2, while the red
emission of 4F9,2-4I 152 yielded a slope of ~1. Moreover, the slope decreased with increasing the
Yb** concentration. This was well explained by the expanded theory of competition between linear
decay and upconversion processes for the depletion of the intermediate excited states. As the
excitation power density was high enough, the emission intensity of upconversion decreased due to
thermal quenching. The thermal effect caused by the exposure of the 978-nm laser was studied
according to the intensity ratio of 2H,,,,-*I,5,, to *S;,,-*I,5,,. The practical sample temperature at the
exposed spot as a function of excitation power and Yb** concentration was deduced. The result
indicated that at the irradiated spot (0.5X0.5 mm?) the practical temperature considerably

increased. © 2005 American Institute of Physics. [DOI: 10.1063/1.2087487]

I. INTRODUCTION

Recently, much attention has been given to trivalent rare-
earth (RE**)-doped phosphors with particle sizes in the na-
nometer region.l_4 The reduction of particle size of crystal-
line systems may lead to important modifications of some of
their bulk properties, such as higher luminescent efficiency
and better resolution of images in lighting and display.5 So
far, many RE-doped nanocrystalline (NC) systems have been
prepared using various synthesis procedures and their lumi-
nescent properties have been widely studied.®™

Following the availability of near-infrared (NIR) pump
sources, such as solid-state lasers and semiconductor laser
diodes, NIR to visible upconversion luminescence (UCL)
has garnered significant attention. Among the candidates of
upconversion materials, tripositive erbium (Er’*) has excel-
lent upconversion properties.lo_12 In the NIR region, Er** has
a favorable energy-level structure with two transitions /s,
1., (at ~978 nm) and *I,5,-"I,, (at ~800 nm) that can
be excited with semiconductor lasers, yielding blue, green,
and red emissions. The efficiency of the UC depends on
many factors, such as the spatial distribution of the dopants
and the phonon energy of the matrix. Increasing the dopant
concentration can result in increased upconversion
efﬁciency.13 But too high dopant concentration will decrease
the upconversion efficiency because of cross relaxation be-
tween doped jons." Codoping with Yb** has proven to be a
successful alternative for the upconversion process, which
has a much larger absorption cross section than Er’** near
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978 nm. There is a large spectral overlap between the *F s
-2F,,, Yb** NIR emission and the *I,,,-*I,5, Er** absorp-
tion bands, which result in an efficient energy transfer (ET).

In this paper, we report the preparation and UCL prop-
erties of Gd,05: Yb** Er** nanowires (NWs), especially the
influence of Yb** codoping on UCL process of Er’*. It was
observed that the luminescent properties of RE ions de-
pended not only on the size of NCs, but also on the dimen-
sion of them."”™ To our knowledge, the UCL properties of
RE ions in one-dimensional NWs have not been studied until
now, despite those in zero-dimensional nanoparticles which
have been widely studied."®"?

Il. EXPERIMENTS

Cubic Gd,05 nanocrystallines doped with 1 mol % of
Er,O; and 2, 4, 8 and 10 mol % of
Yb,05[Gd,05:Er**(1%), Yb**(2%);Gd,05:Er**(1%),
Yb**(4%);Gd,05:Er**(1%),Yb**(8 %) ; Gd,O5: Er**(1 %),
Yb**(10%)] were prepared using a hydrothermal synthesis
procedure. The preparation of similar RE,O5 nanocrystalline
was originally reported by Li and Wang.6 In our work, ap-
propriate amounts of high-purity Gd,O; and Yb,O; and
Er,O; in molar ratios of 1.94:0.04:0.02, 1.90:0.08:0.02,
1.82:0.16:0.02, and 1.78:0.20:0.02 were dissolved into con-
centrated HNOj5. Then appropriate volume dilute KOH solu-
tion was added to the nitrate solution to form Gd(OH);. Di-
luted KOH solution (1M) was used to adjust the pH values
of Gd(OH)j; solutions; the final pH value was 13. After well
stirred, the milky colloid solution was obtained and poured
into several closed Teflon-lined autoclaves. Then the colloid
solution was heated at 130 °C for 17 h. The obtained sus-

© 2005 American Institute of Physics

Downloaded 10 Oct 2012 to 159.226.100.201. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.2087487
http://dx.doi.org/10.1063/1.2087487
http://dx.doi.org/10.1063/1.2087487

174710-2 Lei et al.

Intensity(a.u.)

\ w\ Yo 10% f

25 30 35 40 45 50 55 60
26()

FIG. 1. XRD patterns of Gd,O5:Er**, Yb** nanocrystals.

pension was washed and dried at 50 °C at vacuum condition.
The dried Gd(OH); powders were annealed at 500 °C for
1 h. Then the nanocrystalline Gd,O;:Er**, Yb** powders
were obtained. Crystal structure, morphology, and size were
obtained by x-ray diffraction (XRD) using Cu target radia-
tion resource (CuKa=1.54078 A) and transmission elec-
tron micrograph (TEM), respectively.

In the measurements of UCL emission spectra, a con-
tinuous 978-nm diode laser with power maximum of 2 W
was used for excitation, with a focused area of 0.25 mm?Z.
The visible emissions were collected using an F-4500 spec-
trometer.

lll. RESULTS AND DISCUSSION
A. Sample characterization

Figure 1 shows the XRD patterns of the
Gd,05: Yb** Er** powders. As shown, the powders yield
pure cubic nanocrystalline. Estimated according to the
widths of the XRD patterns by the Scherrer equation, the
average crystalline size is ~15 nm.

Figure 2 shows the TEM images of the
Gd,0: Yb** Er** powders. It is clear that all the nanocrys-
talline powders yield homogeneous NWs, with average di-
ameters of 15—-16 nm and lengths of 200-300 nm. Judged
according to the inserted -electron-diffraction patterns
(EDPs), the NWs belong to multicrystals. Noted that as the
doping concentration of Yb* ions varies, the XRD patterns
hardly change, indicating that the structure and the crystal-
line size in different samples are same.

FIG. 2. TEM images of Gd,O5:Er**, Yb** nanocrystals.
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FIG. 3. Upconversion luminescent spectra of various Gd,O5:Er**(1%),
Yb** (2%, 4%, 8%, and 10%) nanowires under 978-nm excitation (Ip
=0.96 W/mm?).

B. UCL spectra of Gd,0;: Yb3*,Er3* NWs

Figure 3 shows the UCL spectra of Gd,0;:Er**, Yb3*
NWs with various concentrations of Yb** ions. In the spectra
the green lines were observed between 500 and 580 nm, cor-
responding to the *H,,,,,S5,-I,5, transitions, while the red
lines were observed between 640 and 690 nm, corresponding
to the *Fy,-*I,5, transitions. Unlike those in
Y,0;: Yb**/Er** nanoparticles,” the three-photon blue
emissions of 2H9/2-4I 15,2 were too weak to observe in
Gd,05:Yb** Er** NWs. It was seen that in
Gd,05: Yb** Er** NWs the relative intensity of red emis-
sions to the green emissions increased with increasing Yb**
concentration. Similar phenomenon was also observed in
Y,0;: Yb*/Er**  nanoparticles.”®  Note  that  in
Y,05: Yb**/Er** nanoparticles, the green emission was
stronger than the red when the Yb** concentration was
lower, while the red was stronger than the green when the
Yb**  concentration was higher. In the present
Gd,05: Yb** Er** NWs, the red emission is stronger than the
green all the time.

Figure =4  shows the UCL  spectra  of
Gd,05:Er**(1%),Yb**(10%) under the excitation with dif-
ferent powers. It is apparent that the intensity ratio of the
green emission to the red emission increased with the in-
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FIG. 4. Upconversion luminescent spectra of the Gd,05:Er**(1%),
Yb3*(10%) nanowires under the 978-nm excitation with different powers.
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FIG. 5. Energy-level diagram of Er**/Yb**-codoped nanocrystalline and
UPL processes under 978 nm excitation.

creasing excitation power. Similar experiments were also
performed in the other samples and the results were same.

C. Population and UCL processes

Figure 5 presents the energy-level diagram of
Yb**/Er**-codoped system and population processes under
978-nm excitation. In Er**- and Yb**-codoped systems, the
upconversion occurs via two successive transfers of energy
from the Yb3* ion to the Er** ion.*"** Following 978 nm
irradiation, firstly, Er** ions in the ground states are excited
to *I,,/, states via ET of neighboring Yb** and Er**. Subse-
quent nonradiative relaxations of *I,,,,-*I,5, also populate
the *I,3, levels.'””® In the bulk Gd,O;, the maximum of
phonon energy is around 600 cm™!, which is much smaller
than the energy gaps of “I,,,, and *I,3,. According to the
theory of multiphonon relaxation, the nonradiative relaxation
probability of *I,,,,-*I,4, is relatively small.” In the present
NCs, a large number of high-energy vibration modes such as
OH™ and CO%_ bonds are involved owing to the high
surface-to-volume ratio. Few high-energy phonons can easily
bridge the gap between the *I,,,, and ‘I3, states and the
probability of multiphonon relaxation is rather large. In the
second-step excitation, the same laser pumps the excited-
state atoms from the *I,,,, to the *F., levels via ET and
excited-state absorption (ESA), or from the *I 5, to the *F,,
states via phonon-assisted ET. Subsequent nonradiative re-
}‘axatigns of *F 7/2-453/2 , and 4F7,2-4F op Dopulate the

Ss,("H,yj0) as well as the “Fy, states. As a consequence, the
two-photon green emissions of 4S3 ! ’H |, /2-41 15,2 and the red
emissions of 4F9,2-4I 15/2 OCCUL.

Note that the phonon-assisted ET of 4S3/2(Er3+)
+2F, (YD) — 1,5, (Er**) + *F5,,(YD™)  happens, leading
the green emission to the decrease, while the red to increase
with increasing the Yb** concentration. The evidence was
given in one of our previous papelrs.19 Actually, the thermal
effect may also lead the quenching of the green emission and
the enhancement of the red due to the improved nonradiative
relaxation, which will be discussed in detail in the Sec. III E.

D. Power dependence of UCL and saturation
effect

To better understand the mechanism by which the 2H,,,
*S,,, and *F,,, excited states are populated following NIR

J. Chem. Phys. 123, 174710 (2005)
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FIG. 6. In-In pot of emission intensity as a function of excitation power, (a)
the red emission, and (b) the green emission.

irradiation, the UCL intensity of the green (*H,,,,*Ss,-
*I,5,) and red (*Fy),-"I,5,,) emissions as a function of the
excitation power was studied. Figures 6(a) and 6(b) show the
In-In plot of the emission intensity as a function of excitation
power, for the green and the red emissions, respectively. It
can be seen that as the pump power (7,) was lower than
~1 W, the emission intensity (Iyyc) increased with I, obey-
ing a rule of IUCLOCIZ, for both the green and the red emis-
sions. Moreover, the slope (n) in the In-In plot varied with
the Yb** concentration. For the green emission, the values of
n were determined to be 1.97, 1.93, 1.76, and 1.67, respec-
tively, in Gd,04:Er**(1%),Yb*(2%);
Gd,05:Er**(1%),Yb**(4%); Gd,O4:Er**(1%),Yb**(8%);
and Gd,05:Er**(1%),Yb’*(10%). For the red, the values of
n were determined to be 0.66, 1.51, 1.23, and 1.04, respec-
tively, in Gd,04:Er**(1%),Yb*(2%);
Gd,05:Er**(1%),Yb**(4%); Gd,05:Er**(1%),Yb**(8%);
and Gd,04:Er’*(1%),Yb**(10%). Apparently, the value of
n decreased with increasing the Yb’* concentration in the
range of 1-2. It can be also seen that as the power surpassed
1 W, Iy tended to decrease.

As is well known, for any upconversion mechanism, the
value of n presents the number of IR photons absorbed per
visible photon emitted.*** For the two-photon processes, n
should equal/close to 2. However, the values of n were close
to 1 for the red emission. This was mainly attributed to the
competition between linear decay and upconversion pro-
cesses for the depletion of the intermediate excited states,
which was theoretically described by Pollnau et al.** In Ref.
24, considering on a three-level system with levels of |0), |1),
and |2) (the ground state, the intermediate level, and the UCL
level) and assuming that the populating from |0) to |1) is a
ground-state absorption (GSA) process and from |1) and |2)
is an ESA or ET process, the authors deduced that Iyjcp, was
proportional to I% when the linear decay of the intermediate
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state was the dominant depletion mechanism of |11), while
Iycr was proportional to I when the upconversion was the
dominant mechanism.

In the present Er**/Yb**-codoped materials, the mecha-
nism of UCL is different from that described in Ref. 24.
Here, considering on a similar three-level system and assum-
ing that the UCL processes are two-step ET ones between
neighboring Er** and Yb** ions, the steady-state luminescent
rate equations can be written as

WoNoNyp1 = WiN|Nyy —AN; =0, (1)
WiN Nyp —AyN, =0, (2)
P, Nypo — (WoNo + W N )Ny, — B{Nyy,; =0, (3)
with
Ap
- I s 4
Pr hcwwi P )

where Ny and N; and N,, Ny, and Ny, are populations of
|0y, |1), and [2) ground-state Yb** and excited-state Yb**,
respectively, A, and A, and B, are decay rates of |1) and |2)
and the excited state of Yb>*, respectively, W, and W, are ET
rates for the first step and the second step, respectively, A, is
the pump wavelength, w), is the pump radius, & is Planck’s
constant, and ¢ is the vacuum speed of light. Due to N,
<N,, based on Eq. (4) we have

Nypi = p,0Nyp/(WolNo + By). (5)

If the linear decay is the dominant depletion mechanism
of level 1, we can neglect the upconversion term in Eq. (2).
Then we can deduce that

_ WoNo  6Nywo
1= Pp, (6)
A, WNo+B
WoW Ny ooN 2
Ny=—— O(ij“’" >pi. (7)
1A oNo+ B

In contrast, if the upconversion is dominant, we neglect
the linear decay term in Eq. (2), then obtain that

WolV
Ny == (8)
W,
_W0W1N0( oNyro ) 9)
2= P
AA, \WyNy+B

Obviously, if the linear decay is dominant, NZOCI%. If the
upconversion is dominant, N, % [p. This result is similar with
that deduced in Ref. 24, despite the UCL mechanism is dif-
ferent.

As the Yb** concentration increases, the ET from Yb3*
to Er’** will make upconversion from |1) to |2) more effec-
tive, resulting in increasing importance of upconversion. As
a consequence, the slope of the UCL varies from quadratic to
linear.”* As mentioned above, the slopes of the green emis-
sion are nearly 2, while the slopes of red emissions are close
to 1. This can be attributed to the difference of the interme-
diate level between the green and the red emissions. The

J. Chem. Phys. 123, 174710 (2005)

304 = Yb10% H11/z'4l15¢z/433/2'4|1§/2
e Yb8% .
o 251 v Yb4% .
B= * Yb2% -
8 2.0 .
>
%151 . o0t
E 10 e oV, TS
s ® : 'S .
0543 3%
0 1 2 3 4 5 6

Power Density (W/mm2)

FIG. 7. Intensity ratio of 2H11/2‘4[15/z to 45‘3/2—4115,2 as a function of excita-
tion power in different samples.

intermediate level of the green emission is “/,,,,. Because of
the nonradiative relaxation of *I,,,-*I,5/,, which contributes
considerably to the linear decay of *I,,,, the relative impor-
tance of upconversion is decreased, leading the slope of the
green emission to be ~2. The intermediate level of the red
emission is *I,5,, which has a relatively small downconver-
sion decay rate. The upconversion is the dominant depletion
mechanism of */ 132> thus the slope of the green emission is
close to 1.

Note that the competition between linear decay and up-
conversion processes for the depletion of the intermediate
excited states cannot well explain the fact that /¢, decreases
with increasing 7, as it is more than 1 W. Actually, this can
be attributed to thermal quenching of UCL caused by the
exposure of the 978-nm light. In the next section, we will
demonstrate that with the increase of the Yb** concentration
and excitation power, the sample temperature at the irradi-
ated spot increases remarkably. The temperature increase
will lead to the quenching of UCL and also to the variation
of the slope of UCL.

E. Thermal effect

In nanometer materials, the electron-phonon interaction
becomes much stronger than that in the bulk. The thermal
effect caused by the exposure of the 978-nm diode laser has
to be considered. For Er’* ions, the energy separation be-
tween the two nearest excited states “H,,,, and *S), is only

650
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FIG. 8. Practical sample temperature at the exposure spot as a function of
excitation power in different samples.
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several hundred wave numbers. As the down *S;,, level is
populated, immediately the upper *H 112 level is thermal
populated owing to Boltzmann’s distribution. This will lead
the intensity ratio (Ryg) of “H,p-"I;5, to *Ss,,-*1,5, to be
sensitive to temperature. Therefore, Ry is a critical param-
eter to study thermal effect in Gd,05: Yb** Er** NWS under
the exposure of the 978-nm diode laser. Figure 8 shows Ry
as a function of temperature in different samples. It is obvi-
ous that the higher the Yb** concentration was and the stron-
ger excitation power was, the larger the value of Ry was.
When the Yb**-ion concentration or the excitation power
increased, more 978-nm photons were absorbed, leading the
temperature to increase more. According to Boltzmann’s dis-
tribution, Ry as a function of temperature can be written as

Rys = Rys(0)exp(— AE/KT), (10)

where R5(0) is a constant, AE is the energy separation be-
tween the *H,,,, and the *S;, levels (~700 cm™), k is Bolt-
zmann'’s constant, and 7 is the absolute temperature. As the
excitation power and Yb3* concentration was lower, the
sample temperature at the pumped spot should be close to
room temperature (~293 K), corresponding to Rpyg=0.48.
Considering this fact, Ry4(0) was chosen to be 16. Based on
the experimental relationship of Ryg and Ip and the calcu-
lated relationship of Ryg and 7, the temperature at the irra-
diated spot (7T1r) as a function of pump power can be de-
duced, as drawn in Fig. 7. In Gd,05:Er**(1%),Yb’*(2%)
NWs, the temperature increased ~80 K as the excitation
power density varied from 0.4 to 4.88 W/mm?. In
Gd,04:Er**(1%),Yb**(10%) NWs, the temperature in-
creased as high as ~250 K as the excitation power density
varied from 0.4 to 4.88 W/mm?. In Gd,05:Er**, Yb** nano-
crystals, owing to the involving of numerous surface defects
with high phonon energy, such as OH™ bonds, the electron-
phonon interaction becomes stronger. As a consequence, the
thermal effect has to be considered.

IV. CONCLUSIONS

The UCL in Gd,05:Er**/Yb** NWs was studied under
978-nm excitation. The results indicated that the relative in-
tensity of the red emission (‘F,,-'Is,) increased with in-
creasing the Yb®* concentration, while that of the green
emission (*S5,,/%H,,/,-"I,5,) decreased. The intensity satura-
tion phenomenon caused by competition between linear de-
cay and upconversion processes for the depletion of the in-
termediate excited states was observed in Gd,O5:Er**/Yb**

J. Chem. Phys. 123, 174710 (2005)

NWs. This phenomenon depended strongly on the Yb** con-
centration and population paths. The thermal effect caused
by 978-nm diode laser irradiation was studied according to
the intensity ratio of *H,,,-"I,5, to *Ss,,-"I,s,. The result
demonstrated that in Gd,O5:Er**,Yb3* nanocrystals, the
practical temperature at the irradiated spot considerably in-
creased owing to the increased electron-phonon interaction
in comparison to the bulk materials.
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