
Journal of Luminescence 131 (2011) 1802–1806
Contents lists available at ScienceDirect
Journal of Luminescence
0022-23

doi:10.1

n Corr

Physics
nn Cor

Harbin I

E-m

cao@ma
journal homepage: www.elsevier.com/locate/jlumin
Enhancing upconversion emissions of NaTm0.02YbxY0.98�xF4 nanocrystals
through increasing Yb3þ doping
H.J. Liang a,b, Y.D. Zheng a,b, L. Wu a, L.X. Liu a,b, Z.G. Zhang a,b,n, W.W. Cao b,c,nn

a Department of Physics, Harbin Institute of Technology, 150001 Harbin, P.R. China
b Laboratory of Sono- and photo- theranostic Technology, Harbin Institute of Technology, 150001 Harbin, P.R. China
c Materials Research Institute, The Pennsylvania State University, University Park, 16802 Pennsylvania, USA
a r t i c l e i n f o

Article history:

Received 30 July 2010

Received in revised form

22 March 2011

Accepted 24 March 2011
Available online 12 April 2011

Keywords:

Upconversion

Enhancement

NaYF4
13/$ - see front matter & 2011 Elsevier B.V. A

016/j.jlumin.2011.03.058

esponding author at: Harbin Institute of

, Harbin 150001, China. Tel.: þ86 451864026

responding author at: Laboratory of Sono- and p

nstitute of Technology, 150001 Harbin, P.R. Chi

ail addresses: zhangzhiguo@hit.edu.cn (Z.G. Z

th.psu.edu (W.W. Cao).
a b s t r a c t

By increasing the content of Yb3þ ions from 20% to 98% in NaTm0.02YbxY0.98�xF4 (x¼0.2�0.98)

nanocrystals with size about 10 nm, the intensities of near infrared (800 nm) and blue (470 nm)

upconversion (UC) luminescence can be enhanced by orders of 45 and 49 times, respectively, under

970 nm diode laser excitation. Pump power dependence illustrated that the 800 and 470 nm radiations

are still two- and three-photon processes, respectively. TEM imaging showed that the enhancement is

not from the change of the crystal size. Steady-state equation and the measured lifetimes indicated that

the enhanced 800 nm radiations can induce the enhancement of the 470 nm emissions, which is in

good agreement with the experimental data.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The rare earth ions Tm3þ can emit strong blue (470 nm) and near
infrared (800 nm) upconversion (UC) luminescence under the excita-
tion of 970 nm diode laser [1,2]. Nanocrystals emitting blue UC
luminescence under 970 nm excitation have many biomedical appli-
cations, because 970 nm falls in a region of relative transparency for
penetration in tissue. Blue UC nanocrystals are vital to realize
multicolor fluorescence bio-labels [3,4]. Blue UC emissions can also
excite several FDA approved photosensitizers making it possible for
use in cancer diagnosis and UC photodynamic therapy [5]. Recent
development in neurological research using blue light to turn on
individual neurons via sensitive channel protein Channelrhodopsin
(ChR2) has excited many medical researchers [6,7]. But blue light
penetrates only several millimeters into the tissue, which limits the
research to the surface of the tissue. Nanocrystals emitting blue UC
fluorescence under 970 nm laser excitation may provide a possible
solution to this problem [5].

However, insufficient light intensity is still the main limitation for
practical applications of these UC nanocrystals. As it is known, the
intensities of UC emissions in Yb3þ/Tm3þ codoped nanocrystals
depend on several factors: the host material, the size of the
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nanocrystals and the concentration of Yb3þ and Tm3þ ions [8–12].
Among inorganic nanocrystals, NaYF4 has been known to be the
most efficient UC host due to its low phonon energy (�about
370 cm�1) and its crystalline surrounding [13]. Previous experimen-
tal investigations demonstrated that 2 mol% Tm3þ in NaYF4 nano-
crystals is the optimal doping concentration and higher Tm3þ

concentration will cause the blue UC emissions to quench. Recently,
Chen et al. [4,14] reported that the 800 nm UC emissions can be
enhanced about 40 times, when the concentration of Yb3þ ions is
increased from 20% to 98%. Their investigation did not include the
observation and analysis of blue UC emissions. Actually, Liang et al.
[15] have already presented a study on the effect of Yb3þ concen-
tration on the Tm3þ emissions, they found that the blue and
ultraviolet UC emissions of Tm3þ ions had been enhanced with
increase of the Yb3þ concentration15, but a clear theoretical expla-
nation is missing in their investigation.

In this article, we report the enhancement of both 800 and
470 nm UC emissions in monodispersed NaTm0.02YbxY0.98�xF4

nanocrystals as a function of Yb3þ concentration. The enhance-
ment mechanism was investigated through the time-resolved UC
emission analysis. Steady-state equations and the measured life-
times have been used to interpret the observed enhancement on
the blue and 800 nm emissions.
2. Experimental procedure

NaTm0.02YbxY0.98�xF4 (x¼0.2, 0.4, 0.7 and, 0.98) nanocrystals
were synthesized by a hydrothermal process [16]. First, 1.0 g
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NaOH, 15 ml oleic, 5 ml deionized water and 5 ml ethanol was
mixed together as the active solution. Then, 1.2 mmol of solution
containing Tm(NO3)3þYb(NO3)3þY(NO3)3 with appropriate
molar ratio was added into the solution. Finally, the NaF solution
according to the (Tm3þ

þYb3þ
þY3þ)/NaF molar ratio of 1:5 was

added into the solution. The mixture was then transferred into a
Teflon vessel (50 ml) and filled with ethanol up to 2/3 of the
vessel. The vessel was tightly sealed and heat treated at 160 1C for
8 h. After natural cooling to room temperature, the nanocrystals
deposited at the bottom of the Teflon vessel were washed with
ethanol and collected by centrifugation. Nanocrystals were
obtained after they were dried in vacuum for 24 h at 30 1C. The
obtained nanocrystals can be redistributed in organic solvents,
such as cyclohexane.

The morphology of the powders was characterized using
a HITACHI H-8100 transmission electron microscope (TEM).
Powder X-ray diffraction (XRD) analysis was carried out using a
Rigaku D/Max-2550/pc diffractometer (Cu Ka radiation) in the 2y
range of 101–901. The dried powder was pressed into smooth and
flat disks, which were irradiated by a focused 970 nm diode laser
with a maximum power of 200 mW. The room temperature UC
fluorescence was collected using a lens-coupled monochromator
(Zolix Instruments Co. Ltd., Beijing) with 3 nm spectral resolution
and an attached photomultiplier tube (Hamamatsu CR131). All
spectral measurements were performed at room temperature by
preserving the same geometry for the UC luminescence recording.
When measuring decay profiles of 800 nm emission, the pump
laser (970 nm) was modulated by a square-wave and the signals
were recorded using a Tektronix TDS 5052 digital oscilloscope.
3. Results and discussion

Fig. 1(A) shows the XRD patterns of NaTm0.02YbxY0.98�xF4

(x¼0.2, 0.4, 0.7 and 0.98) nanocrystals. It can be seen that these
nanocrystals have cubic structure, matching well to the
standard pattern of NaYF4 (JCPDS 77-2042) reference lines
[12]. Because the radii of Yb3þ ions and Y3þ ions are almost
the same, substituting Y3þ ions by Yb3þ ions does not change
the crystal phase of the nanocrystals, so that even the
NaTm0.02Yb0.98F4 has the cubic crystal phase. As shown in
Fig. 1(B), the main diffraction peak shifts towards larger angles
for larger Yb3þ concentrations, which means that the lattice
parameters become smaller. Because the ionic radii of Yb3þ

(0.86 Å) are smaller than the ionic radii of Y3þ (0.89 Å), obeying
the Vegard’s rule, the codoping of Yb3þ ions can decrease the
unit cell parameters [15]. This result reveals that Y3þ and Yb3þ

ions can incorporate completely into NaTm0.02YbxY0.98�xF4

lattice at any concentration by this synthesizing method.
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Fig. 1. (A) X-ray diffraction patterns of nanocrystals NaTm0.02YbxY0.98�xF4 with x¼0.2,

JCPDS 77-2042. (B) Amplified main diffraction peaks.
Fig. 2(A) and (B) are the two TEM micrographs of NaTm0.02

Yb0.2Y0.78F4 and NaTm0.02Yb0.98F4 nanocrystals, respectively,
which show that the synthesized nanocrystals are monodispersed
with the average diameter of around 10 nm with size distribu-
tions shown in the corresponding histograms (Fig. 2C and D). It
should be mentioned that these nanocrystals can be easily
dispersed in cyclohexane to form stable transparent solutions.
For bio-application as fluorescence labels, these nanocrystals
should be transferred into aqueous solutions after surface
modification.

The UC emission spectra of NaTm0.02YbxY0.98�xF4 nanocrystals
with x¼0.2, 0.4, 0.7 and 0.98, respectively, are shown in Fig. 3 in
the spectroscopic range of 400–520 nm and 740–860 nm under
970 nm laser irradiation. The UC emission bands centered at 450,
470 and 800 nm correspond to the transitions of 1D2-

3F4,
1G4-

3H6 and 3H4-
3H6 of Tm3þ ions, respectively [10–12]. As

shown in Fig. 3, the intensities of UC emissions have been
increased with the increase of Yb3þ concentration up to
98 mol%. Table 1 shows the enhancement factors of the UC
emissions centered at 470 and 800 nm, compared to the 20%
Yb3þ nanocrystals. It is worth to point out that the enhancement
times of 470 nm UC emissions are higher than that of the 800 nm
UC emissions. Although the intensity of UC emissions may change
with particle size [17], the particle size distributions are very
similar for the 20% and 98% Yb3þ concentrations as shown in
Fig. 2, therefore, the huge intensity difference of the UC emissions
is definitely not from the particle size effects.

The relationships between the UC intensity and the pump
power have been measured. When the UC processes are very
weak compared to the decay rates to the ground state, the
number of photons that are necessary to populate the upper
emitting state can be obtained by the relation IfpPn, [18]. Where
If is the fluorescence intensity, P is the pump laser power and n is
the number of laser photons required [18]. As shown in Fig. 4, the
n values of 470 and 800 nm UC bands were measured to be about
2.4 and 1.7 in NaTm0.02Yb0.98F4 nanocrystals, respectively, while
the n values of 470 and 800 nm UC bands were measured to be
about 2.9 and 1.9 in NaTm0.02Yb0.2Y0.78F4 nanocrystals, respec-
tively. These results indicate that both three- and two- photon
processes, in NaTm0.02Yb0.2Y0.78F4 and NaTm0.02Yb0.98F4 nano-
crystals are involved to populate the 1G4 and 3H4 state, which is
consistent with the previously published data [10,11]. The n

values of NaTm0.02Yb0.98F4 nanocrystals are smaller than that of
NaTm0.02Yb0.78F4 nanocrystals, which may arise from the saturate
effect in NaTm0.02Yb0.98F4 nanocrystals [18].

Fig. 5 shows the energy level diagrams of Yb3þ and Tm3þ ions
and the proposed UC mechanism. Energy transfer upconversion
(ETU) process from Yb3þ ions can promote Tm3þ ions to the 3F4,
3H4, 1G4 states successively [10,11]. In order to theoretically
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Fig. 2. TEM micrographs and the size distributions of nanocrystals. (A) and (C): NaTm0.02Yb0.2Y0.78F4. (B) and (D): NaTm0.02Yb0.98F4 nanocrystals.
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Fig. 3. Measured UC fluorescent spectra of nanocrystals NaTm0.02YbxY0.98�xF4

with x¼0.2, 0.4, 0.7, and 0.98, respectively, under the same excitation condition.

Table 1
Enhancement times for the 800 and 470 nm UC radiations, the fitted parameters

t2 and tb for decay profiles of 3H4(Tm3þ) state, the calculated enhancement of

parameter NYb0tYb1t2 and the calculated enhancement of 470 nm radiations in

NaTm0.02YbxY0.98�xF4 nanocrystals with x¼0.2, 0.4, 0.7 and 0.98, respectively.

Yb3þ

(mol%)

t2

(us)

tb
(us)

Enhancement (factor)

Experiment

(800 nm)

Experiment

(470 nm)

NYb0tYb1t2 Calculated

(470 nm)

20 100 320 1 1 1 1

40 60 290 7 12 1.1 9

70 50 260 21 28 1.4 30

98 40 250 45 49 1.5 70
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Fig. 4. Pump power dependence of the fluorescent bands centered at 470 and

800 nm in NaTm0.02YbxY0.98�xF4 nanocrystals with x¼0.2, and 0.98, respectively.

H.J. Liang et al. / Journal of Luminescence 131 (2011) 1802–18061804
calculate the enhancement of these UC emissions, steady-state
equations are proposed as follows:

dNYb1

dt
¼ rsYbNYb0�W0NYb1N0�W1NYb1N1�W2NYb1N2�

NYb1

tYb1
ð1Þ

dN1

dt
¼W0NYb1N0�W1NYb1N1�

N1

t1
ð2Þ

dN2

dt
¼W1NYb1N1�W2NYb1N2�

N2

t2
ð3Þ

dN3

dt
¼W2NYb1N2�

N3

t3
ð4Þ
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where N0ðW0Þ, N1ðW1,t1Þ, N2ðW2,t2Þ and N3ðt3Þ are population
densities (energy transfer rates from excited Yb3þ ions, decay
time) of the 3H6, 3F4, 3H4 and 1G4 states of the Tm3þ ions,
respectively; NYb0 and NYb1ðtYbÞ are the population densities of
ground and excited states (decay time) of the Yb3þ ions, respec-
tively; r is the laser photon number density; sYb denotes the
absorption cross-section of the Yb3þ ion. The UC and ETU rates in
the steady-state equations are supposed to be much lower than
their decay rates. From Eqs. (1)–(4), we can easily derive a general
theoretical description of the UC radiations.

I800 nm ¼
N2

t2
¼ r2s2

YbW0W1N0ðNYb0tYb1Þ
2t1 ð5Þ

I470 nm ¼
N3

t3
¼ r3s3

YbW0W1W2N0ðNYb0tYb1Þ
3t1t2 ð6Þ

As illustrated in Eqs. (5) and (6), the UC radiations at 800 and
470 nm have square and cubic power dependence on the laser
pump power, respectively, which is in good agreement with the
observations shown in Fig. 4. Such agreement suggests the correct-
ness of the theoretical descriptions. As shown in Eqs. (5) and (6),
the same pump power density was utilized for the comparison of
UC emissions, which means r is a constant parameter for all the
nanocrystals. Furthermore, the same Tm3þ concentration of
2 mol% is employed for all nanocrystals, which may suggest the
same N0 parameter for all samples. The absorption cross-section of
the Yb3þ ion sYb is the same, then the Eqs. (5) and (6) can be
simplified to the following equations:

I800 nmpW0W1ðNYb0tYb1Þ
2t1 ð7Þ

I470 nmpW0W1W2ðNYb0tYb1Þ
3t1t2 ð8Þ

Now we can conclude that the intensities of 800 and 470 nm
UC emissions are related to the concentration of Yb3þ ions (NYb0),
the lifetimes of the intermediate levels (t) and the energy transfer
rate between Yb3þ and Tm3þ ions (W). In the following, these
factors will be discussed one by one.

Because the radiation from the state 2F5/2 (Yb3þ) cannot be
separated from the 970 nm excitation source, the lifetime tYb1

cannot be measured directly. In order to know the lifetime tYb1,
the decay profiles of 800 nm emission in NaTm0.02YbxY0.98�xF4

(x¼0.2, 0.4, 0.7 and 0.98) nanocrystals have been measured.
Interestingly, the experimental decay profiles of the UC radiations
at 800 nm can only be fitted by bi-exponential rather than single
exponential functions for all the samples [19,20]. In order to
explain this behavior, let us exemplify the 3H4-

3H6 (Tm3þ) UC
radiation at 800 nm using the following dynamic rate equations:

dNYb1

dt
¼�

NYb1

tYb1
ð9Þ

dN1

dt
¼�

N1

t1
ð10Þ

dN2

dt
¼W1N1NYb1�

1

t2
ð11Þ

According to Eqs. (9)–(11), we can easily get

N2ðtÞ ¼ N2ð0Þ�
tbt2

tb�t2
W1N1ð0ÞNYb1ð0Þ

� �
e�t=t2

þ
tbt2

tb�t2
W1N1ð0ÞNYb1ð0Þe

�t=tb ð12Þ

1

tb
¼

1

t1
þ

1

tYb1
�

1

tYb1
ð13Þ

As illustrated in Eq. (12), the decay of the 800 nm UC radiation
contains two parts: i.e., a short and a long lifetime components.
The experimentally measured decay profiles have been fitted with
the function N2ðtÞ ¼ A1e�t=t2þA2e�t=tb [19,20]. The short compo-
nent t2 arises from the direct decay of the 3H4 state of Tm3þ ion.
The long component tb arises from the seeding of the intermedi-
ate state of 3F4(Tm) and 2F5/2 (Yb) states, as explained in Eq. (13).
These two origins, based on our proposed UC mechanism, can
well describe the bi-exponential decay behavior [19]. The change
of tb can reflect the change of tYb1, because t1 is longer than tYb1.
The fitting decay time of t2 and tb are listed in Table 1. We can
see that tb has decreased from 490 to 200 us with the Yb3þ

concentration increasing from 20% to 98%.
From Eqs. (7) and (8) we can conclude that the enhancement

difference between the 470 and 800 nm is due to the fact that
more parameters NYb0tYb1t2 W2 have been included in the
enhancement description of 470 nm emissions. The parameter
NYb0 increases about 5 times when the Yb3þ concentration
changes from 20% to 98%. From the discussions above, we can
calculate that the parameters NYb0tYb1t2 have been enhanced
about 1.1, 1.4 and 1.5 times, when the Yb3þ concentration
changes from 20% to 40%, 70% and 98%. The calculated factors
have been listed in Table 1. The energy transfer rate W is possible
to be increased with the increase of Yb3þ concentration [14].
From the enhancement times of 800 nm emissions, we can
calculate that the 470 nm fluorescence can be enhanced at least
9, 30 and 70 times, when the Yb3þ concentration changes from
20% to 40%, 70% and 98%, respectively. The enhancement of
470 nm UC emissions coincides with the experimental result.
The discrepancy between the experimental result and the theo-
retical data arises from the following reason: the experimental
observation of the saturated n¼2.4 photon processes that can
degrade enhancement values for 470 nm UC radiations has not
been considered in the theoretical treatment (n¼3 in the theore-
tical computation).
4. Conclusion

In conclusion, a method to increase the UC emissions in
NaYF4 nanocrystals has been presented. Utilizing the method,
the blue (470 nm) and near infrared UC emissions of Tm3þ ions
has been greatly enhanced by increasing the concentration of
Yb3þ ions. The enhancement mechanisms have been demon-
strated by the analyses of both steady-state equations and time-
resolved spectroscopy. This theoretical analysis contributes to
understand the Yb3þ/Tm3þ UC process and the monodispersed
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nanocrystals with size about 10 nm that have potential applica-
tions in biomedical fields.
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