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We report on an innovative route to increase the upconversion (UC) green radiation by two orders
of magnitude in Y,05:Er** nanocrystals through tailoring Er** ions’ local environment with Li*
ions under diode laser excitation of 970 nm. Theoretical investigations based on the steady-state rate
equations indicate that such enhancement arises from a combining effect of the tailored lifetime of
the intermediate *I,,,(Er) state, the suppressed cross relaxation *H,,,(Er)+"I,s,,(Er) — Iy, (Er)
+41 132(Er) process, and the enlarged nanocrystal size induced by the Li* ions. The proposed route
here may constitute a promising step to solve the low efficiency problem in UC materials. © 2008
American Institute of Physics. [DOI: 10.1063/1.2901039]

Unlike multiphoton absorption in organic dyes or semi-
conductor quantum dots, photon upconversion (UC) involves
real intermediate quantum states to generate efficient visible
light by near infrared (NIR) excitation.'™ Insufficient inten-
sity, however, constitutes still the main limitation for the
practical applications of UC materials, especially rare-earth-
ion—doged inorganic namocrytads,zﬁ’7 in the fields of UC
lasers,” flat-panel displays,9 li§ht-emitting diodes, '’ tempera-
ture sensors,11 biolabels,lz*1 DNA detection,15 photody-
namic therapy (PDT),”'® etc. Unfortunately, ever since the
first report by Auzel in the 1960s on UC enhancement
through Yb** sensitizition,'” there have been no strategies to
increase the UC fluorescence by orders of magnitude. There-
fore, it will be of significance to develop new routes to
greatly increase the UC emissions in order to meet their prac-
tical application requirements.

It is well known that the intra-4f electronic transitions of
rare-earth ions are parity forbidden, and become partially
allowed when intermixing the f states with higher electronic
configurations enabled by the local columbic field of host
lattice.' '8 Hence, the tailoring rare-earth ions’ local envi-
ronment in the host lattice can constitute a promising route to
enhance their Stokes and anti-Stokes luminescences. The Li*
ion is the smallest metallic ion in the periodic table and has
the smallest cationic radius, which is favorable for its move-
ment and localization in the host lattice. Consequently, the
Li* ion is an ideal cationic ion for tailoring the local crystal
field of rare-earth ions. In this letter, we primarily report on
an innovative route to increase the UC green radiation by
two orders of magnitude in Y,05:Er’** nanocrystals via
codoping with Li* ions.

Yttrium oxide (Y,03) nanocrystals were selected here
due to the intriguing chemical and optical properties of host
lattice, e.g., high thermal conductivity and expansion coeffi-
cient, broad transparency range of 0.23-8 wm, relatively
low phonon energy (maximum 600 cm™'), etc.'”?® More-
over, the UC emissions of Y,05:Er** nanocrystals have been
well characterized by pumping the intermediate *1,,,, state of
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the Er** ion via a facile 970 nm NIR diode laser.”** Addi-
tionally, Y,05:Er** nanocrystals have been employed for
background-free fluorescent imaging14 and deep tumor treat-
ment via PDT photosensitizer excitation,7 since the 970 nm
excitation wavelength is fairly transparent for most large
biomolecules.’

Nanocrystals Y,05 doped with 1 mol % Er** ions and 0,
3,5,7, 10, and 15 mol % Li* ions were prepared via a pre-
vious procedure with a small difference by replacing yttrium
nitrate with appropriate lithium nitrate.''” Details for the
UC fluorescence recording were described elsewhere.'? De-
cay profiles of the 1015 nm radiation were measured by
square-wave modulation of the electric current input to the
970 nm diode laser, and by recording the signals via a Tek-
tronix TDS 5052 digital oscilloscope with a lock-in preamp-
lifier (Stanford Research System Model SR830 DSP) em-
ploying a chopping rate of 3000 rps. A NIR-sensitive
InGaAs photodiode (Thorlabs, DET 410/M) was used for
measuring the decay profiles and fluorescence spectra of the
NIR light. X-ray diffraction (XRD) experiment evidenced
that all the prepared Y,0O5; powders are of cubic structure and
the codoping of Li* ions can tailor the crystal field of the
Y,0; lattice. The average sizes of nanocrystals Y,03
codoped with 0, 3, 5, 7, 10, and 15 mol % Li" ions, accord-
ing to Scherrer’s equation,19 were calculated to be about 36,
54, 58, 58, 58, and 58 nm, respectively.

Figure 1 displays the green UC emission of the
H, /"S5, — 1,5, transition in Y,0; nanocrystals doped
with 1 mol % Er** ions and various Li* ions under 970 nm
diode laser excitation.”” The inset illustrates the intensity ra-
tio of the green to red as a function of Li* ions. The weak red
UC radiation of the *F,,,— I,5,, transition were not shown
here, since we focus on the increase in the dominant green
UC radiation.”® As shown in Fig. 1, the fluorescence dramati-
cally increases with Li* ions of 0—5 mol %, and remains
about the same at higher concentrations. The maximum en-
hancement for the suboptimized experimental conditions
presented here were measured to be about 45-75 times (mea-
surement error 20%) corresponding to Li* ions of 5 mol %
under a variety of excitation conditions. The variance of the

© 2008 American Institute of Physics
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FIG. 1. (Color online) Measured UC green emission in Y,05 nanocrystals
doped with 1 mol % Er** ions and various Li* ions under diode laser exci-
tation of 970 nm. The inset is the intensity ratio of the green to red as a
function of Li* ions.

enhancement times may arise from the fact that the total
fluorescence spectral distribution is dependent on the pu 2p
power, as demonstrated in NaYF,: Yb**/Er** nanocrystals.
The enhancement results here illustrate that tailoring Er’*
ions’ local environment via Li* ions indeed can significantly
favor the UC output, which was further confirmed by replac-
ing Li* ions with other nonluminescent ions such as Na*, K*,
and Zn**.

Figure 2 presents the UC mechanisms of the green and
red emissions.”*” The Er** ion can be promoted to the *I 12
state through ground state absorption (GSA) of laser pho-
tons, and then to the *F,, state by use of the excited state
absorption (ESA) 1 or energy transfer UC (ETU) 1 pro-
cesses. Alternatively, the Er** ion at the *I 11,2 State can non-
radlatlvely relax to the *I,5, state, and is further ex01ted to
the *F,, state by ESA 2 or ETU 2 processes. The *F,,, state
can also be populated by multiphonon-assisted relaxations
from the upper *H,,,/*S;, state. It is noted that such two
processes for the red UC generation are independent of Er**
ion’s distribution in the host lattice, While the cross relax-
atlon (CR) process for populating the *I 5, state (further to
the *F,,, state) depends on the Er** ion’s distribution and the
population in the *H,, /S, state.

To simply theoretical calculations for the green UC en-
hancement, it is reasonable to neglect the red UC emission
due to the much lower intensity than the green one. 32 The
steady-state rate equations can thereby be expressed as
follows:

dN.
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FIG. 2. (Color online) Energy level diagram of Ex3* jon as well as the UC

mechanisms for the green and red emissions.
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FIG. 3. (Color online) Decay profiles of the *I,,,,— *I,, transition in Y,0;
nanocrystals doped with 1 mol % Er** jons and 0, 3, 5, 7, 10, and 15 mol %
Li* ions. The inset is the fluorescence spectrum of the 41,”2—>41,5/2 transi-
tion in the range of 1000— 1050 nm under diode laser excitation of 970 nm.

dN,

d[ =0= R2N2+CN2 N4/'T4, (2)
N=N0+N2+N4, (3)
Igreen = BgreenN4h Vgreen/ T4 (4)

where N;(7;) is the energy level populations (decay time)
denoted in Fig. 2, R; and R, are the rates of GSA and ESA 1
processes, respectively, Wthh are constant here due to the
identical excitation condition;® C is the coefficient of ETU 1
process, and ,Bgreen is the ratio of the radiation rate to the
decay rate in the H”,z/ S3/2 state. If N= N, R2N2+2CN2
<N,/ 1,2 we can easily get from Egs. (1)-(4) that

Igreen = IBgreen( TZRIRZN + CT%R%Nz)h Vgreen
= ﬂgreenh VgreenCT%R%Nz . (5)

The approximation in Eq. (5) arises from the fact that the
ETU 1 process is supposed to dominate over the ESA 1
process, which can illustrate well the observed enhancement
results. According to Eq. (5), the increase in the parameters
7y and By, can lead the green UC radiation to increase, in
good agreement with the discussion results in Ref. 8.
Figure 3 displays the decay profiles of the *I,,,—*I,5,
transition at 1015 nm in Y,0; nanocrystals doped with
1 mol % Er** ions and 0—15 mol % Li* ions. The inset pre-
sents the spectrum for the *I,,,— *I,s, transition in nano-
crystals Y,03 codoped with 5 mol % Li* ions under diode
laser excitation of 970 nm, which agrees well with the pre-
vious data.’ According to Fig. 3, the lifetime of the interme-
diate *1,,,, state were measured to be 0.8(2) ms and
2.7(3) ms for 0 and 3 mol % Li" ions, respectively, and to be
all about 3.4(3) ms for Li* ions higher than 5 mol %. These
data indicate that the local crystal filed around Er** ions was
gradually tailored for Li* ions of 0—5 mol % and becomes
nearly identical at higher Li* ions. According to Eq. (5), the
large and slight increases in lifetime 7, for Li* ions of 0-3
and 3-5 mol % will lead to great and small fluorescence
increases, respectively. The unchanged lifetime for higher
Li* ions will result in a nearly constant enhancement. Such
conclusions agree well with the experimental observations in
Fig. 1. It should be noted that the linear increase in parameter
Bareen for Li* ions of 0—5 mol % will further enlarge the
enhancement difference (see below). Quantitatively, for ex-
ample. the maximum 4.2 times lifetime increase for Li* ions
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of 5 mol % can lead to about 18 times fluorescence increase,
which falls short for the 45-75 times enhancement observed.

It is obvious from the inset of Fig. 1 that the intensity
ratio of the green to red linearly increases for Li* ions up to
5 mol %, and then remains constant at around 10 for higher
Li* ions. According to Fig. 2, for the constant Er** ions here,
there should be a constant value for the intensity ratio, which
contradicts the experimental results. Moreover, a much larger
population in the *H,,,/*S;,(Er) state induced by Li* ions
should favor the CR population of the *I,5,(Er) state,
thereby reducing the green to red ratio. Consequently, the
linear increase in the intensity ratio indicates that Li* ions
can dissociate the Er’* clusters in the Y,O5 crystal lattice,
thus, hampering the red emission by avoiding the CR process
in Fig. 3. It is noted that the parameter By, directly relates
to the CR process and the red emission, of which the hin-
drance can lead the parameter By, to increase. As can be
evaluated from the green to red ratio, the parameter Byreey 18
increased about 3 times by dissociating the Er’* clusters,
which according to Eq. (5) will lead the green emission to
increase further about 3 times for Li* ions of 5 mol %.

It is worthwhile to point out that the increased nanocrys-
tal size (see XRD results) induced by Li* ions can also con-
tribute to the green UC enhancement, since the larger nano-
crystal size will have less effect of surface contaminations
and defects on the embedded rare-earth ions.** Un-
fortunately, such enhancement cannot be calculated, which
may be evaluated by the fall short for the experimental
observation.

The key mechanism for the UC enhancement arises from
the fact that the codoping of Li* ions can tailor the local
crystal filed around the Er** ions. The tailored local crystal
field will interact with Er** ion, slightly modify its wave
functions, and eventually alter the radiation properties of the
intermediate *1,,,, state. It is noted that the radiation param-
eters of I 1, state directly relate to the green fluorescence
intensity. As presented in this letter, the lengthening of its
lifetime can lead the UC fluorescence to be increased by one
order of magnitude. It is worthwhile to mention that the
modified UC pathways and the increased nanocrystal size
also contribute to the fluorescence enhancement, but not very
significantly.

In summary, we have demonstrated an innovative route
to enhance the green UC emission by about two orders in
Y,05:Er** nanocrystals through tailoring Er** ions’ local en-
vironment with nonluminescent Li* ions. Although the pro-
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posed route was demonstrated here in Er’**-doped Y,O;
nanocrystals, it may directly apply to other rare-earth ions
(e.g., Ho** and Tm>") and other UC materials (e.g., oxide
and fluoride crystals, fibers, films, etc), since the strategy is
based on a fundamental consideration.
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Research Partnership Programme and the 863 Hi-Tech
Research and Development Program of People’s Republic of
China.
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