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a  b  s  t  r  a  c  t

Hexagonal  phase  NaYF4 microtubes  co-doped  with  Yb3+ and  Er3+ were  synthesized  through  a  hydrother-
mal  process  with  YF3 submicrospindles  as  precursor.  The  X-ray  powder  diffraction  (XRD),  field  emission
scanning  electron  microscopy  (FE-SEM),  transmission  electron  microscopy  (TEM)  and  high  resolution
transmission  electron  microscopy  (HRTEM)  were  utilized  to  characterize  the  structure  and  morphology
of the  as-prepared  products.  XRD  results  show  that  pure  cubic  NaYF4 crystals  can  be  obtained  when  reac-
tion  time  is 2  h. While  the  product  is mixture  of  cubic  and  hexagonal  phase  NaYF4 when reaction  time  is
from 7  to  20  h.  Continuing  to  increase  the  reaction  time  to  24  h, the  pure  hexagonal  NaYF4 crystals  were
formed.  The  FE-SEM  and  TEM  results  show  that  the  morphology  of  pure  cubic  NaYF4 is  spherical  clusters
composed  of  spherical  nanoparticles  with  average  diameter  of  about  100  nm  and  the  pure  hexagonal
NaYF4 crystals  have  tubular  structure  with  out  diameter  of about  0.3–0.5  �m,  inner  diameter  of  about

3+ 3+
nergy transfer 0.5–1  �m  and  length  ranging  from  3  to  12  �m. The  luminescence  properties  of  Yb /Er co-doped  cubic
and  hexagonal  phase  NaYF4 microcrystals  were  also  studied.  Under  980-nm  excitation,  the  upconver-
sion  luminescence  (UCL)  intensity  of  hexagonal  phase  NaYF4 microtubes  is  much  stronger  than  that  of
cubic phase  clusters.  Moreover,  both  red  and  green  upconversion  are  ascribed  to  the  two-photon  process.
Therefore,  hexagonal  phase  NaYF4 microtubes  with  high  UCL  efficiency  may  have  a  potential  application
in  photonic  device.
. Introduction

It is well known that the physical and chemical properties of
norganic crystals are directly related with their dimensions, sizes
nd morphologies [1].  Therefore, inorganic materials with novel
orphologies have attracted considerable interest during the past

ecade owing to their potential in fundamental studies and tech-
ological applications [2–5]. By far, plenty of efforts have been
evoted to the fabrication of various kinds of inorganic materials
ith different shapes and sizes [6–11]. At present, many efficient

pproaches involving ionic liquid, arc discharge, laser ablation,
nd biotemplate, as well as template-directed methods have been
eveloped for the preparation of nano-/micro-crystals [12–16].
evertheless, the above-mentioned routes call for some special

nstruments or harsh conditions, and usually lead to impurities

ecause of the incomplete removal of the templates. By contrast,
ydrothermal synthesis, which is a more promising technique than
onventional methods in terms of cost and potential for large scale

∗ Corresponding authors. Tel.: +86 411 87633470.
E-mail addresses: rnhua@dlnu.edu.cn (R. Hua), chenmbj@sohu.com (B. Chen).
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© 2011 Elsevier B.V. All rights reserved.

production, is considered as one of the useful ways to prepare novel
nano-/micro-structured inorganic materials.

Rare earth compounds, such as oxides, phosphates, fluorides,
vanadates, tungstates and molybdates have been extensively stud-
ied owing to their potential applications in high performance
magnets, luminescent devices, catalysts, and other functional
materials based on the electronic, optical, and chemical character-
istics arising from the 4f electrons of rare earth ions [10,17–22].
Among these compounds, rare earth fluorides evoke more atten-
tion because of their unique properties including high refractive
index and low phonon energy. Furthermore, fluorides exhibit ade-
quate thermal and environmental stability and are regarded as
excellent host lattices for down-conversion (DC) and up-conversion
(UC) luminescence of lanthanide ions [23,24].  The DC process is the
conversion of higher-energy photons into lower-energy photons,
which is also extensively exploited in semiconductor quantum
dots and organic dyes. By contrast, UC process is the genera-
tion of higher-energy photons from lower-energy radiation on the

basis of sequential adsorption and energy-transfer steps. The UC of
infrared to visible light by materials doped with rare earth ions
has attracted considerable attention due to the potential appli-
cations in the areas of color display, short wavelength lasers and

dx.doi.org/10.1016/j.jallcom.2011.07.095
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rnhua@dlnu.edu.cn
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iomedicine. Among these rare earth ions, the Er3+ ion, which
as several metastable energy levels and can restore the excita-
ion energy for up-converting near infrared (NIR) light into short
avelength radiation, is a very excellent candidate for UCL [25].
owever, the absorption across section of Er3+ is narrow in near

nfrared region, which leads to that the luminescent efficiency of
r3+ single doped materials is relatively low. In order to increase
CL efficiency, the Yb3+ ion is usually introduced as a sensitizer due

o the large absorption across section in the near infrared region.
herefore, the Yb3+/Er3+ ion pairs have been studied extensively
or achievement of frequency UCL under different pumping exci-
ation wavelength in various hosts, such as glasses, glass ceramics,
hosphors, etc. [26–30].  Accordingly, many mechanisms for UCL
rocesses have been proposed. To date, NaYF4 is acknowledged
s the most efficient UC host material because of lower phonon
nergy, adequate chemical and physical stability, etc. [31]. The crys-
al structure of NaYF4 exhibits two polymorphic forms, namely,
ubic (˛) and hexagonal (ˇ) phases, depending on the synthesis
onditions and methods. Moreover, it was reported that the UCL in
b3+/Er3+ doped NaYF4 strongly depends on the phase and particle
ize [31]. For example, compared with the cubic sample, the UCL
fficiency of green emission in hexagonal NaYF4:Yb3+, Er3+ is about
0 times stronger than that of cubic NaYF4:Yb3+, Er3+ [31]. Conse-
uently, how to obtain the pure hexagonal phase of NaYF4 is the
ey in successfully achieving a brighter UC phosphor.

Recently, it was reported that inorganic materials with hol-
ow interiors have a potential application in photonic devices [32].
ccordingly, the controlled synthesis of inorganic materials with

ubular structure is necessary for this application. Up to now, many
norganic nanotubes such as sulfides, nitrides, oxides, and fluoride
ave been reported [33–37].  However, there are no reports on the
tudy of hollow NaYF4 with micrometer size. It is well known that
he luminescent efficiency of micrometer sized phosphors is higher
han that of corresponding nanomaterials. Therefore, in order to
urther exploit NaYF4 for application in photonic devices, the syn-
hesis of hollow interiors NaYF4 microtubes is a very significant
ork.

Taking into account the above reasons, we  synthesized
aYF4:Yb3+, Er3+ microtubes via hydrothermal process with
F3:Yb3+, Er3+ submicrospindles as precursor in this work. The
hole synthesis processes were taken in the aqueous environ-
ent without the aid of any templates or surfactants. It is found

hat the time of hydrothermal treatment plays an important role
n the evolvement of morphology and phase of the final product.
n addition, The UCL properties of products were also studied in
etails.

. Experimental

.1. Materials

All the chemical reagents used in this study were analytically pure grade with-
ut  further purification. The rare earth oxides including Y2O3 (99.999%), Er2O3

99.999%) and Yb2O3 (99.999%) were purchased from Shanghai Second Chemical
eagent Factory (China). NaF was  purchased from Beijing Chemical Corporation
China). Y(NO3)3·6H2O, Yb(NO3)3·6H2O and Er(NO3)3·6H2O powders were obtained
y  dissolving the corresponding rare earth oxide in 6 mol/L of nitric acid and re-
rystallizing for four times.

.2. Preparation of spindle-like YF3:10%Yb3+, 2%Er3+

YF3:10%Yb3+, 2%Er3+ submicrospindles were prepared via a facile sonochemical
oute from an aqueous solution of Y(NO3)3·6H2O, Yb(NO3)3·6H2O, Er(NO3)3·6H2O
nd  NaF. The detailed procedure is described as follows. First, Y(NO3)3·6H2O,
b(NO3)3·6H2O, Er(NO3)3·6H2O were weighed according to the molar ratio of

:0.1:0.02 and dissolved in 60 mL  distilled water under vigorous stirring until they
ere dissolved completely. Secondly, 0.5 mol/L NaF aqueous solution was dropped

lowly in rare earth nitrate solution. Thirdly, The resulting mixture was ultrasoni-
ally irradiated with a high-intensity probe (JiNing Co.; 0.6 cm diameter; Ti-horn;
00  W),  which was  immersed directly in the reaction solution, and the total reaction
Fig. 1. XRD pattern of the YF3:10%Yb3+/2%Er3+ precursor prepared via sonochemical
route.

time was 30 min. The white precipitates were collected by centrifuging at 8000 rpm
and washed with distilled water. The YF3:10%Yb3+, 2%Er3+ powders were obtained
after the precipitates were dried in vacuum condition at 80 ◦C for 10 h.

2.3. Preparation of hexagonal phase NaYF4:10%Yb3+, 2%Er3+ microtubes

Hexagonal phase NaYF4:10%Yb3+, 2%Er3+ microtubes were prepared via a
hydrothermal process by use of YF3:10%Yb3+, 2%Er3+ submicrospindles as precur-
sor  solution. In a typical procedure, the precursor solution of YF3:10%Yb3+, 2%Er3+

prepared through sonochemical route was directly transferred into 100 mL Teflon
bottle held in a stainless steel autoclave, which was sealed and maintained at 200 ◦C
for  24 h. As the autoclave was cooled to room temperature naturally, the precipi-
tates were separated by centrifugation, washed with distilled water, and then dried
in  air at 80 ◦C for 12 h. In order to study the effect of reaction time on the structure,
morphology of the product, the time-dependent experiment was performed.

2.4.  Characterization

X-ray powder diffraction (XRD) was carried out on a Shimadzu XRD-6000
diffractometer with CuK�1 radiation (� = 0.15406 nm). The XRD data were collected
by  using a scanning mode in the 2� ranging from 10◦ to 70◦ with a scanning
step  size of 0.02◦ and a scanning rate of 4.0◦ min−1. FE-SEM images were obtained
using a Hitachi S-4800 field emission scanning electron microscopy operating at
acceleration voltage of 5 kV. The low- and high-resolution transmission electron
microscope (HRTEM) images were performed using a JEM-2100F (acceleration volt-
age  of 200 kV). Images were acquired digitally on a Gatan multiople CCD camera.
The UC emission spectra were taken on an F-4600 spectrophotometer equipped
with an external tunable 1 W 980-nm laser diodes as the excitation source in place
of  the xenon lamp in the spectrometer. The emission split is 2.5 nm and the voltage
of  photomultiplier tube is 400 V. All the measurements were performed at room
temperature.

3. Results and discussion

3.1. Structure, phase and morphology of the as-prepared products

In order to check compositions and phase purities of all prod-
ucts, the XRD was performed. Fig. 1 shows the XRD pattern of the
YF3:10%Yb3+, 2%Er3+ precursor prepared via sonochemical route. It
can be concluded that the positions of all diffraction peaks of the
as-prepared YF3:10%Yb3+, 2%Er3+ precursor are in accordance with
the standard data of YF3 bulk, which was  reported in JCPDS card
with No. 74-0911. Moreover, no extra peaks from other phases are
observed. Therefore, the as-prepared product is single phase of YF3.
It is worth to note that the diffraction peaks of the as-prepared pre-
cursor are remarkably broadened, which is owing to the small size
effect of nanoparticles.

Fig. 2 shows the XRD patterns of NaYF4:10%Yb3+, 2%Er3+ pow-

ders prepared through hydrothermal process at 200 ◦C for various
reaction times of (a) 2 h, (b) 7 h, (c) 20 h and (d) 24 h. As can been
seen in Fig. 2(a), the diffraction peaks positions of product prepared
through hydrothermal process at 200 ◦C at 2 h coincide with the
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ig. 2. XRD patterns of NaYF4:10%Yb /2%Er products prepared though
ydrothermal process at 200 ◦C for different reaction time, (a) 2 h, (b) 7 h, (c) 20 h,
nd  (d) 24 h.

tandard cubic phase NaYF4 (JCPDS card No. 77-2042). No extra
eaks from other phases are observed, which suggests that the
ure cubic phase NaYF4 can be prepared when YF3 precursor solu-
ion was hydrothermally treated for 2 h. With increasing reaction
ime to 7 h, the new diffraction peaks from hexagonal phase NaYF4
an be observed, which indicates that phase transition from cubic
hase to hexagonal phase occurs (see in Fig. 2(b)). As shown in
ig. 2(c), the product mainly consists of hexagonal phase NaYF4
hen reaction time reaches to 20 h. At the moment, the content of
ubic phase NaYF4 is little. In Fig. 2(d), it can be found that when
eaction time reaches to 24 h, the diffraction peaks of the product
atch very well with the pure hexagonal phase NaYF4 which was

eported in the JCPDS card with No. 16-0334. The cell parameters of

ig. 3. FE-SEM images of the as-prepared YF3:10%Yb3+/2%Er3+ precursor and NaYF4

F3:10%Yb3+/2%Er3+ precursor, (c) cubic phase NaYF4:10%Yb3+/2%Er3+, and (d) hexagonal
pounds 509 (2011) 9924– 9929

the pure cubic and hexagonal phase NaYF4:10%Yb3+, 2%Er3+ crys-
tals were also calculated by Jade 5.0 software. The cell parameters
for cubic and hexagonal phase NaYF4:10%Yb3+, 2%Er3+ crystals are
a = 5.5240 Å and a = 5.9878 Å, c = 3.5173 Å, respectively. In addition,
in Fig. 2, it can also be seen that the diffraction peaks of all products
are very sharp and strong, which indicates that the products with
high crystallinity can be prepared by this method. This is important
for phosphors, because high crystallinity generally means less traps
and stronger luminescence.

The morphologies of the as-prepared YF3:10%Yb3+, 2%Er3+

precursor and NaYF4:10%Yb3+, 2%Er3+ samples were studied by
FE-SEM. Fig. 3 shows typical FE-SEM images of the as-prepared
YF3:10%Yb3+, 2%Er3+ precursor and NaYF4:10%Yb3+, 2%Er3+ sam-
ples, respectively. Among them images, Fig. 3(a and b) are low and
high resolution FE-SEM images of the YF3:10%Yb3+, 2%Er3+ precur-
sor prepared via sonochemical process, respectively. In Fig. 3(a),
the homogeneous YF3:10%Yb3+, 2%Er3+ precursor submicrospin-
dles are clearly observed. Their average diameter in the center
is about 200 nm and length is about 600 nm.  In order to further
investigate the structure of YF3:10%Yb3+, 2%Er3+ submicrospin-
dles, the high resolution FE-SEM was  carried out. As shown in
Fig. 3(b), it can be seen that every submicrospindle is composed of
some nanoflakes with thickness of about 15 nm.  These small sized
nanoflakes structures lead remarkable broadening of XRD peaks.
Fig. 3(c and d) presents the FE-SEM images of the products pre-
pared via hydrothermal process for 2 h and 24 h, respectively. The
morphologies of products with hydrothermal treatment are obvi-
ously different from that of the YF3:10%Yb3+, 2%Er3+ precursor. In
Fig. 3(c), the uniform spherical cubic phase NaYF4:10%Yb3+, 2%Er3+

clusters were obtained when the YF3:10%Yb3+, 2%Er3+ precursor

solution was  hydrothermally treated for 2 h. The average diameter
of cubic phase NaYF4:10%Yb3+, 2%Er3+ clusters is about 500 nm. In
addition, we can also find that every cluster is composed of some
spherical nanoparticles with about 100 nm in size. With increasing

:10%Yb3+/2%Er3+ products. (a–b) Low- and high resolution FE-SEM images of
 phase NaYF4:10%Yb3+/2%Er3+.
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Fig. 4. TEM images of the as-prepared NaYF4:10%Yb3+/

ydrothermal reaction time, the morphology of product is greatly
hanged. Pure hexagonal phase NaYF4:10%Yb3+, 2%Er3+ were pre-
ared when reaction time reached to 24 h. As shown in Fig. 3(d), the
ure hexagonal phase NaYF4:10%Yb3+, 2%Er3+ sample consists of
symmetric hexagonal-prismatic tubular structures with out diam-
ter of about 0.3–0.5 �m,  inner diameter of about 0.5–1 �m and
ength ranging from 3 to 12 �m.

The insight into the microstructure of the samples can be
btained by further analysis of transmission electron microscopy
TEM) and HRTEM assays. Fig. 4 presents more details about inner
tructure of the hexagonal-prism microtubes. The hollow inner
tructure can be obviously observed from TEM images. The inner
nd out diameters of the microtubes are estimated to be 0.3–0.5 �m
nd 0.5–1 �m,  which are consistent with the FE-SEM analysis.
urthermore, the microtubes with open end can be also clearly
dentified in Fig. 4(a and b). Therefore, the NaYF4:10%Yb3+, 2%Er3+

icrotubes can be successfully prepared through this method.

.2. Upconversion spectra
Upconversion luminescence (UCL) properties of the as-prepared
pherical cubic phase NaYF4:10%Yb3+, 2%Er3+ clusters and hexag-
nal phase NaYF4:10%Yb3+, 2%Er3+ microtubes under 980-nm
xcitation were studied. Fig. 5 shows the UCL spectra of cubic
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ig. 5. UCL spectra of cubic and hexagonal phase of NaYF4:10%Yb3+/2%Er3+ under
80-nm laser diodes excitation with 1 W power. (a) Cubic phase and (b) hexagonal
hase.
+ prepared via hydrothermal process at 200 ◦C for 24 h.

phase NaYF4:10%Yb3+, 2%Er3+ clusters and hexagonal phase
NaYF4:10%Yb3+, 2%Er3+ microtubes under 980-nm excitation,
respectively. As shown in Fig. 5(a and b), the green emission band
ranging from 510 to 570 nm and the red emission band ranging
from 620 to 690 nm are clearly observed. The green emissions are
attributed to the 2H11/2, 4S3/2 → 4I15/2 transitions of Er3+ ions, and
the red emission is ascribed to the 4F9/2 → 4I15/2 transition of Er3+

ions [24]. In addition, it also can be found that both green and
red emissions of hexagonal phase are much stronger than that of
cubic phase. In details, the intensity of green emissions of hexago-
nal phase is 10 times stronger than that of cubic phase, while the
intensity of red emission of hexagonal phase is eight times stronger
than that of cubic phase. These intense UC emissions and great
improvement are mainly attributed to the following two aspects:
On the one hand, it is well known that the phonon energy of host
plays an important role in efficiency of UCL. It can also be con-
firmed that the lattice vibration energies of cubic and hexagonal
phases NaYF4 would be similar, that is to say the non-radiative
transition rates of them would be approximately close. We  believe
that the deviation of UCL efficiency must be caused by the energy
transfers efficiencies from Yb3+ to Er3+ or between Er3+ and the
radiative transition rates of Er3+, however, it is hard for us to give
more detailed and specific supports on the above points from the
present data. Meanwhile, the cubic phase is known to be about an
order of magnitude less efficient than the corresponding hexagonal
phase in the previous report [31]. On the other hand, in our work,
the size of hexagonal phase microtubes are significantly larger than
that of cubic phase clusters (500 nm)  and the fraction of lanthanide
ions near the surface of microtubes are much less than that of
clusters, which can result in the decrease of nonradiative chan-
nels. Therefore, the UCL intensity and efficiency of hexagonal phase
NaYF4:10%Yb3+, 2%Er3+ microtubes are much higher than that of
cubic phase NaYF4:10%Yb3+, 2%Er3+ clusters.

3.3. Power-dependent upconversion luminescence process

To better understand the mechanism of the green and red UCL,
the dependence of green and red emissions intensities on the exci-
tation power (input current) was performed. For any upconversion
mechanism, the visible output intensity (Iv) is proportional to some

power (n) of the infrared excitation power (INR) [38]:

Iv ∝ In
NR (1)
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than that of green emissions in our experiment. The reason may
be explained as follows. (1) The surface of material absorbs a
large number of high-energy vibration modes such as OH− and
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ig. 6. Dependence of upconversion emission intensities on excitation power in
exagonal phase of NaYF4:10%Yb3+/2%Er3+ microtubes under 980-nm laser diodes
xcitation.

The relationship of excitation power (INR) and input current (i)
an be written as follows:

NR = ai − b (2)

Therefore, the visible output intensity can be also expressed as
ollows:

v ∝ (ai − b)n (3)

Where a is constant, b/a is threshold current and n is the num-
er of IR photon absorbed per visible photon emitted. The fitting
esults are shown in Fig. 6. The fitting n values are 1.95 and 1.88
or green and red emissions, respectively, which suggest that the
wo-photon process is involved for populating the green and red
evels in the UC process. The fitting results for spherical cubic phase
aYF4:10%Yb3+, 2%Er3+ clusters also indicate that the UCL involves

 two-photon absorption process. These results also suggest that
tructure of phase has no effect on the UCL mechanism.

It is worth while to note the intensity ratio (RHS) of
H11/2 → 4I15/2 to 4S3/2 → 4I15/2 emissions of Er3+ ions, which repre-
ents the temperature of sample under the excitation of 980 nm.  For
r3+ ions, the energy separation between the two nearest excited
tates 2H11/2 and 4S3/2 is only several hundred wavenumbers. As the
own 4S3/2 level is populated, immediately the upper 2H11/2 level is
hermal populated owing to Boltzmann’s distribution. This will lead
he intensity ratio RHS to be sensitive to temperature. Therefore, RHS
s a critical parameter to study thermal effect in NaYF4:10%Yb3+,
%Er3+ microtubes under the exposure of the 980-nm laser diode.
ig. 7 shows RHS as a function of input current in NaYF4:10%Yb3+,
%Er3+ microtubes. It is obvious that with the increase of input cur-
ent, the value of RHS was increased. This is understood easily. When
he input current or the excitation power increased, more 980-
m photons were absorbed, leading the temperature to increase
ore. According to Boltzmann’s distribution, RHS as a function of

emperature can be written as [39]

HS =
I2H11/2

I4S11/2

= ˛e−�E/kT (4)

where  ̨ is a constant, �E  is the energy separation between the
H11/2 and the 4S3/2 levels (700 cm−1), k is Boltzmann’s constant,
nd T is the absolute temperature. In our previous results, we  found

hat the temperature of sample is proportional to the input current
f the laser diode [40]. Therefore, RHS also can be expressed as:

HS = ˛e−�E/kb(i−i0)+kT0 (5)
Fig. 7. Dependence of intensity ratio of H11/2– I15/2 to S3/2– I15/2 (RHS) on the input
current in NaYF4:10%Yb3+/2%Er3+ microtubes under 980-nm laser diodes excitation.

In Eq. (5),  b is a constant and T0 is room temperature. The
data in Fig. 7 were well fitted by using Eq. (5).  In the fitting pro-
cess, the threshold current, i0, was deduced to be 0.106 A, which
is consistent with that derived from Fig. 6 (b/a ≈ 0.130 A). This
result suggests that this model can well explain the relationship
between the intensity ratio of RHS and the working current of laser
diodes.

Fig. 8 shows the energy-level diagram of Yb3+/Er3+ co-doped
NaYF4 and population processes under 980-nm excitation. In Er3+

and Yb3+ co-doped systems, the UC process occurs via two suc-
cessive energy transfers (ET) from the Yb3+ ion to the Er3+ ion
[24]. Following 980-nm irradiation, firstly, Er3+ ions in the ground
states are excited to 4I11/2 states via ET of neighboring Yb3+ and
Er3+. Subsequently, nonradiative relaxation of 4I11/2 → 4I13/2 also
populates the 4I13/2 level [38]. In the bulk NaYF4, the maximum
phonon energy is about 370 cm−1 [41], which is much smaller
than the energy gaps of 4I11/2 and 4I13/2. According to the theory
of multiphonon relaxation, the nonradiative relaxation probability
of 4I11/2 → 4I13/2 is relatively small, which results in the weak red
emission [42]. However, the intensity of red emission is stronger
7/2 15/2

Er3+Yb3+

Fig. 8. Energy level diagram and transition processes of hexagonal phase of
NaYF4:10%Yb3+/2%Er3+ microtubes under 980-nm laser diodes excitation.
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2− groups. Few high-energy phonons can easily bridge the gap

etween the 4I11/2 and 4I13/2 states and the probability of multi-
honon relaxation is rather large. (2) The other reason is that 2 mol%
f Er3+ doped concentration, which is relatively high, leads to
he cross-relaxation (CR) process of 4F7/2 → 4F9/2 and 4I11/2 → 4F9/2
etween the two nearby Er3+ ions [43]. These reasons both increase
he population of the 4F9/2 level. Therefore, the intensity of red
mission is stronger than that of green emissions. In the second-
tep excitation, the same laser pumps the excited state atoms from
he 4I11/2 level to the 4F7/2 level via ET and excited-state absorption
ESA), or from the 4I13/2 state to the 4F9/2 state via phonon-
ssisted ET. Subsequent nonradiative relaxations of 4F7/2 → 4S3/2
nd 4F7/2 → 4F9/2 populate the 4S3/2 → 2H11/2 as well as the 4F9/2
tates. As a consequence, the two-photon green emissions of 4S3/2,
H11/2 → 4I15/2 and the red emission of 4F9/2 → 4I15/2 occur. The
wo-photon process for red UC emission can be expressed as fol-
owing formulas:

1) 4I15/2 (Er3+) + 2F5/2 (Yb3+) → 4I11/2 (Er3+) + 2F7/2 (Yb3+) (energy
transfer)

2) 4I11/2 (Er3+) → 4I13/2 (Er3+) (nonradiative relaxation)
3) 4I13/2 (Er3+) + 2F5/2 (Yb3+) → 4F9/2 (Er3+) + 2F7/2 (Yb3+) (energy

transfer)
4) 4F9/2 (Er3+) → 4I15/2 (red emission)

The two-photon process for green UC emission can be expressed
s follows:

1) 4I15/2 (Er3+) + 2F5/2 (Yb3+) → 4I11/2(Er3+) + 2F7/2 (Yb3+) (energy
transfer)

2) 4I11/2 (Er3+) + 2F5/2 (Yb3+) → 4F7/2 (Er3+) + 2F5/2 (Yb3+) (energy
transfer)

3) 4F7/2 (Er3+) → 2H11/2(Er3+) → 4S3/2(Er3+) (nonradiative relax-
ation)

4) 2H11/2, 4S3/2 (Er3+) → 4I15/2 (green emissions)

. Conclusions

In conclusion, spherical cubic phase NaYF4:10%Yb3+, 2%Er3+

lusters and hexagonal phase NaYF4:10%Yb3+, 2%Er3+ microtubes
ave been successfully synthesized through hydrothermal pro-
esses with YF3:10%Yb3+, 2%Er3+ submicrospindles as precursor.
he hydrothermal treatment time plays a crucial role in the con-
rol of structure, phase and morphology of the final product. The
esults indicate that the phase transition from cubic phase to hexag-
nal phase occurs with the increase of reaction time. Moreover, the
orphological evolvement of product also can be observed from

pherical clusters to microtubes with the increase of reaction time.
omparing with the cubic phase Yb3+/Er3+ co-doped NaYF4 clus-
ers, hexagonal phase microtubes exhibit the much higher UCL
fficiency. Therefore, it is expected that these tubular structured
aYF4 with much stronger UCL efficiency will have potential appli-
ation in photonic device.
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