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Abstract An improved nonclosed hydrothermal synthetic
processing is used to synthesize Tm** and Nd** doped
B-NaYbF4 nanophosphors at 85°C in the air without any
high-temperature and high-pressure treatments as a final
step. The particles have average crystallite size around 40
nm as obtained by TEM and calculation in terms of the XRD
data. Intense 475 nm blue upconversion emission originated
from the 'G4 — 3Hg transition of Tm3* is observed under
808 nm excitation, and its intensity can be enhanced onefold
by introducing Nd** ion. The dominant populating mecha-
nisms for the B-NaYbF4:Tm3T and B-NaYbF,:Tm3t/Nd3+
are thought as Tm’t — Yb’* — Tm3+ and Nd** —
Yb3+ — Tm3" energy transfer processes, respectively. The
concentration quenching processes for blue and red emis-
sions are discussed.

1 Introduction

With infrared solid-state lasers as a pumping source, a three-
dimensional solid-state fluorescence display has been in-
vestigated extensively owing to its potentiality applications
in television, computer aided design, air-traffic control, and
medical imaging [1-6]. For applications, much attention has
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been dedicated to the exploration of strong and long lifetime
blue, green, and red fluorescence emissions. The common
method to produce intense blue emission is the !G4 — 3Hg
transition of Tm3* ion though an upconversion process. The
compact, inexpensive, and power-rich near-infrared com-
mercial diode lasers are employed as pumping resources to
exploit blue emission of Tm3*. The blue and red upconver-
sion emissions of Tm3*+ were obtained in Yb3*—Tm3* co-
doped glass and powders under 980 nm excitation [7-11],
TayOs5 waveguides under 793 nm excitation [12], LiNbO3
crystals under 795 nm excitation [13], tellurite-germanate
glass under 798 nm excitation [14], and PbGeO3;—PbF,—
CdF, doped glass under 800 nm excitation [15], respec-
tively. However, to our knowledge, it is rarely reported that
strong blue monochromatic emission originated from Tm3*
in fluoride crystals excited by a power-rich 808 nm commer-
cial diode laser.

The fluoride crystals with low phonon energy and high
chemical stability are being adopted as the best upconver-
sion candidate hosts for applications in solid-state lasers
and biomedical images [16-25]. Especially, the hexagonal
NaYF4 doped with Yb>T, Tm3*, and Er’* has been re-
ported as the most efficient materials as biomedicine probes
to realize red, green, and blue upconversion luminescence
for detection of DNA and avidin [18, 19, 21-24]. Among
the fluoride crystals, the S-NaYbF, crystals is unique, be-
cause it has similar crystal structure with hexagonal NaYF4,
and may offer sufficient Yb3* with long excited level life as
energy-transfer bridging ion between an energy donor ion
R?’L (R?+ = Tm3* or Nd**) and acceptor ion R;Jr (RgJr =
Tm3*, Er3t, Ho?t, or Tb3*) to carry out energy transfers
process R7™ —Yb** —R3" under 808 nm excitation. The
reported methods used to synthesize f-NaLnF4 (Ln =Y,
Yb, Er, and Eu) crystals are high-temperature solid-state re-
action, coprecipitation, and hydrothermal synthesis methods
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[21-27]. The above methods contain some limited experi-
mental conditions as a final step, such as high-temperature
process, high pressure, and HF atmosphere to avoid possible
contamination from oxygen. Thus, it is necessary to exploit
a soft chemistry route for preparing fluoride crystals without
any high-temperature thermal treatment, high pressure, and
HF atmosphere.

In Li’s work [28], a novel nonclosed hydrothermal syn-
thetic processing is reported to synthesize rare-earth doped
«-NaYF4 nanophosphors at 160°C for 2 hours. In this
work, the nonclosed hydrothermal synthetic processing is
improved to synthesize Nd*t-Tm3*+ codoped B-NaYbFy
nanophosphors at 85°C in the air. The enhanced blue
(475 nm) emission of Tm3* is observed under 808 nm exci-
tation, and possible mechanisms involved in the observation
are discussed.

2 Experiment

All the chemical reagents were used without further pu-
rification. A typical procedure of the nonclosed hydrother-
mal synthetic method for preparing B-NaYbF4:0.8%Tm,
0.2%Nd sample is as follows: in the first step, the Rare earth
oxides YbyO3 (99.99%), Nd,03 (99.99%), and Tm,O3
(99.99%) were dissolved in adequate hydrochloric acid.
The mixed aqueous solution containing YbCl3, NdCl3, and
TmCl; was added into a beaker according to the molar
composition of NaYbj_g 0o3—x Tmg.0osNdFs (x = 0.2%).
An adequate amount of NH4HF, aqueous solution was
added slowly into the solution as precipitator under vigor-
ous stirring. The precipitation was obtained by centrifuga-
tion and washed with deionized water for three times. In the
second step, under vigorous stirring the precipitation was
slowly added into a florence flask full of the aqueous so-
lution of NaF in the desired proportion. Subsequently, the
mixture was heated slowly at 85°C in the oil bath for 24
hours. The NaYbF4:0.8%Tm, 0.2%Nd sample of hexago-
nal phase was obtained through an alcohol ultrasonic dis-
persion process. Other samples with the molar compositions
of NaYbj_o.008—xTmgoogNdFs4 (x = 0.2%, 0.4%, 0.6%,
0.8%, and 1.2%) and NaYb;_,Tm,Fs (y = 0.2%, 0.4%,
0.6%, 0.8%, and 1.0%) can be synthesized in the same
method. For comparison, the hexagonal 8-NaYF4:0.8%Tm
sample was synthesized, also.

Structures of the samples were investigated by X-ray dif-
fraction (XRD) using a D8 Advance equipment provided
with Cu tube with K, radiation at 1.54056 A in the range
of 10°< 26 < 70°. Investigations on the particle size and
morphology were performed with a transmission electron
microscope (TEM) using a JEM-2100 scanning electron mi-
croscope (JEOL, Japan), equipped with an energy dispersive
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Fig. 1 XRD patterns of the (a) NaYbF4:0.8%Tm and (b) NaYbFj:
0.8%Tm, 0.6%Nd. Bottom part is the standard line pattern of the
hexagonal phase 8-NaYbF4 (JCPDS 27-1427)

X-ray spectroscopy (EDS) system. The selected area elec-
tron diffractometer (SAED) attached on it operating at accel-
erating voltages up to 200 kV. Upconversion luminescence
spectra excited by 808 nm laser were obtained in the R-500
Spectrophotometer made by Japan Spectroscopic CO, LTD.
All the samples were pressed into circular pie with same size
(D =5 mm) and smooth surface. The beam was focused on
the sample using a focal length lens of 2.5 cm and the flu-
orescence signal with the spot size of 1 mm. The signal of
luminescence was detected at the angle of 90° with the inci-
dent beam. The dependence of upconverted emission inten-
sity on pumping powers for different samples was obtained
by changing the excitation powers. All above measurements
were performed at room temperature.

3 Results and discussions
3.1 Morphology and structure

Figure 1 illustrates the typical XRD patterns of NaYbFj:
0.8%Tm and NaYbF4:0.8%Tm, 0.6%Nd. The samples
show a typical hexagonal phase B-NaYbF4 structure, which
accords basically with the standard X-ray diffraction JCPDS
27-1427. The fact that the NdF3 and TmF3 are not detected
from X-ray diffraction patterns, suggests that the Nd>* and
Tm3* well replaced Yb3* sites in NaYbFy through the non-
closed hydrothermal synthetic method. The bulk hexagonal
NaYDbF; is in the space group of P6 (168) and its unit cell di-
mensions are @ = 5.929 A, c = 3.471 A, and v = 105.56 A3,
which is very similar to the structure of hexagonal phase
B-NaYF4 (JCPDS 16-0334) [17-19, 21-25]. The cell pa-
rameters a = 5.945 A, c = 3.478 A and v = 106.428 A3
of the NaYbF4:0.8%Tm, 0.6%Nd sample can be calculated
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Fig. 2 TEM micrograph, SAED pattern, and EDS of the 8-NaYbFj:
0.8%Tm, 0.6%Nd sample

in terms of the X-ray diffraction data, which suggests that
the lattice constant of hexagonal NaYbF, crystallites pre-
pared in the experiment hardly varies compared with the
bulk counterpart.

The TEM image of S-NaYbF4:0.8%Tm, 0.6%Nd sam-
ple in Fig. 2 illustrates that sphere-like nanophosphors sized
35 ~ 45 nm are distributed. Continuous diffraction rings
are clearly seen in the SAED pattern that further indicates
nanosized crystalline nature of the hexagonal phase NaYbF4
sample. The crystallite size was estimated following the
Debye—Scherrer equation [29]:

D =0.891/B cos 0, (D

where D is the crystallite size, A (nm) represents the wave-
length of the X-ray, 6 is the Bragg angle of the X-ray diffrac-
tion peak, and B represents the corrected half width of the
diffraction peak. For the NaYbF4:0.8%Tm, 0.6%Nd pow-
der, the average crystals size D = 40 nm is calculated ac-
cording to the Debye—Scherrer equation. The correspond-
ing energy dispersive X-ray spectroscopy analysis (EDS)
revealed that the main elemental components are Na, Yb,
and F. In addition, the doped ion of Tm and Nd was also
found in the EDS, which showed that the Tm and Nd ele-
ment was doped into the NaYbF,4 powder.
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Fig. 3 Room-temperature frequency upconversion emission spectra
of the (/) B-NaYbF4:0.8%Tm, 0.6%Nd, (2) 8-NaYbF4:0.8%Tm, and
(3) B-NaYF4:0.8%Tm samples under 808 nm excitation. The insert is
a photograph of the NaYbF4:0.8%Tm, 0.6%Nd sample under 808 nm
excitation with power of 250 mW

3.2 Photoluminescence

Figure 3 shows typical upconversion emission spectra at
room temperature associated with Tm3* as luminescence
center under 808 nm excitation. For f-NaYbF4:0.8%Tm,
0.6%Nd and B-NaYbF4:0.8%Tm samples, the spectra ex-
hibit the two distinct bands centered on 475 nm and 646 nm,
corresponding to !G4 — 3Hg and 'G4 — 3Hy transitions
of Tm>*, respectively. The ratio of integrated intensity of
475 nm and 646 nm is in the order of 4:1. It is observed that
the presence of Nd>™ in the system, produces about two-fold
enhancement in the blue and red emissions, as compared
to the NaYbF4:0.8%Tm sample. For the NaYbF4:0.8%Tm,
0.6%Nd sample, the blue is strong enough to be clearly
seen by the naked eyes with the pump power of 1 W/cm?,
as shown by the insert of Fig. 3. However, no emission
band of Tm37 is found in B-NaYF4:0.8%Tm sample, which
indicates the dominant upconversion mechanisms for the
B-NaYbF4:Tm3* and B-NaYbF4:Tm3+/Nd3* nanophos-
phors are Tm?>* — Yb3t — Tm3+ and Nd*t - YB3+ —
Tm>" energy transfer processes, respectively.

The dependences of blue and red emissions intensity on
Tm3* and Nd** concentration are investigated in Fig. 4 for
B-NaYbF4:Tm3* and B-NaYbF4:Tm3*+/Nd3* samples un-
der 808 nm excitation with a pump power of 200 mW. For
the ,B-NaYbF4:Tm3+, the maximum blue and red emissions
intensity is observed at Tm3*+ concentration of 0.8 mol%.
For the B-NaYbF,;:Tm3*/Nd3*, when Tm3* concentration
is fixed at 0.8 mol%, the blue and red intensity first increase
gradually then decrease with Nd3* concentration, exhibiting
a maximum value at around 0.6 mol%.
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Fig. 4 Dependences of blue and red emissions intensity on (a) Tm3+
concentration for the NaYb;_,Tm,F; (y = 0.2%, 0.4%, 0.6%,
0.8% and 1.0%) and (b) Nd3t concentration for the NaYbi_g go3—x
Tmg 0ogNdFs (x =0.2%, 0.4%, 0.6%, 0.8%, and 1.2%) samples un-
der 808 nm excitation
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Fig. 5 Double-logarithmic plots of excitation power dependence of
blue and red upconversion emissions intensity for the (a) S-NaYbFy:
0.8%Tm, 0.6%Nd and (b) B-NaYbF4:0.8%Tm samples under 808 nm
excitation

3.3 Upconversion mechanisms

The visible upconversion emission intensity Iy, is propor-
tional to the Nth power of the infrared pumping power P:

Iypoo PV, 2

where N =1, 2, 3, ... is the order of multiphoton transitions
being the number of infrared quanta absorbed per one visi-
ble photon emission [30, 31]. The dependence of blue and
red upconversion intensity upon excitation power was exam-
ined and about quadratic power law behavior was obtained,
as portrayed in Fig. 5. In Fig. 5(a), the results indicate that
two pump photons participate in the upconversion excita-
tion mechanism and they excite Nd** and Tm3* through
the ground-state absorption (GSA) and energy transfer (ET).
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Fig. 6 Energy level diagrams of the Nd**, Tm3t and Yb3+
ions and upconversion mechanisms for Tm3T—Yb3*—Tm3+ and
Nd3+-Yb3+—Tm3* systems under 808 nm excitation

Figure 5(b) illustrates that two pump photons participate
in the upconversion excitation mechanism and they excite
Tm?3* through GSA and ET.

In Cantelar and Dussardier’s works [24, 32], the Tm>*
ion can emit blue emission alone in the LiNbO3 and glass
materials through the successive upconversion process of
Tm37 itself under 795 nm and 800 nm excitation. How-
ever, it is impossible in our work to generate blue emis-
sion by the GSA and excited-state absorption (ESA) of
Tm3*t under 808 nm excitation, because no emission band
of Tm37 is observed in the spectrum of S-NaYF4:0.8%Tm
in Fig. 3. Thus, two possible upconversion mechanisms for
B-NaYbF,;:Tm>* and B-NaYbF4:Tm3+/Nd3* are proposed
in Fig 6. For B-NaYbF,;:Tm3*, one Tm>" ion in the ground
state SHg(Tm37) is excited to excited state Hy (Tm3>1) af-
ter absorbs an 808 nm photon radiation. A nonresonant en-
ergy transfer between Tm>*+ and Yb3*+ occurs by the chan-
nel ET1

Hy(Tm?*) + F7 (YD)
— YHe(Tm>*) + Fs o (YD), (3)

which makes excited state 2Fs /Z(Yb3+) populated. At the
same time, another Tm3T ion absorbs an 808 nm pho-
ton, provoking the *Hg — 3Hy transition of Tm3*. Subse-
quently, the energy on Yb>* is transferred to >Hy(Tm3*),
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resulting in the 1G4 (Tm37) excitation by the channel ET2
*Fs2(YD?) + *Hy(Tm’")
N 2F7/2(Yb3+) + 1G4(Tm3+). (4)

And then the 4f electrons on ! Gy state radiatively relax to the
3Hg and 3F; states, giving blue (475 nm) and red (646 nm)
upconversion luminescence.

For B-NaYbF4:Tm3*/Nd3*, the 808 nm pump photons
promote *Ig/2(Nd*) to *Fs/(Nd*") by means of a GSA
process. The Nd3+ at *Fs ,2 level relaxes nonradiactively to
4F; /z(Nd3+), and transfers resonantly its energy to a nearby
Yb> at the 2F; /2 ground state by the channel ET3

4F3/2 (Nd3+) + 2F7/2 (Yb3+)
— 112 (Nd®F) 4 2Fs 2 (YH). Q)

The excited Yb>" then transfer resonantly its energy to the
3H4(Tm37) after excited by the second pump photon around
808 nm by the channels ET4

IHe(Tm>*) + 808 nm hv

— YHy(Tm**)  (GSA), (6)
2F5/2(Yb3+) +3H4(Tm3+)

— 2F72(YD?) + 1G4 (Tm’"). @)

The Tm3* radiatively relaxes from 'Gy to the Hg ground
state, generating intense fluorescence signal around 475 nm.
The red emission band around 646 nm is assigned to the
1G4 — 3F, transition.

In Zhang’s work [33], the 'D, state of Tm3* can be
populated by the channel 'G4(Tm3*) + 3F4(Tm*t) —
1D (Tm3%) 4 3Hg(Tm3 1), due to the saturation effect on
the excitated !G4 state. The 450 nm blue emission can
be switched through above energy transfer. However, the
450 nm blue emission is not observed in our samples.
The channel 'Dy(Tm3T) + 3Hg(Tm?t) — 1G4(Tm*) +
3E4(Tm3t) occurs if the 'D, state is populated through
ETS: %Fs;(YB'T) 4+ !Ga(Tm3t) — 2F;0(YDYH) +
1D, (Tm3 ).

According to the Miyakawa—Dexter theory [34], the
probability of phonon-assisted energy transfer (ET) is ex-
pressed as

Wer = WET(0) exp(—BAE), (8)

where AE is an energy gap between the energy levels of
the donor and acceptor, WgT(0) is the transfer rate when
AE =0, and B is a function of effective phonon energy
and electron—phonon coupling strength. The equation im-
plies that the smaller the energy gap is, the faster the energy
transfer occurs; the larger energy mismatch is, the smaller
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Fig. 7 A diagram of ideal energy transfer processes of excited ions
in the Tm3—Yb3*—Tm3* and Nd3*-Yb3*—Tm3*+ systems under
808 nm excitation

the energy transfer probability will be. For the ET process
Tm3t — Yb3+ — Tm3*, the first step Tm3t — Yb3* in (3)
exists at around energy mismatch of 2180 cm~! and needs
phonons to assist, whose probability will be smaller. How-
ever, the ET process Nd>T —Yb3*t — Tm3* is performed
through two successive resonant energy transfers without as-
sistant of phonons. Thus, the ET process Nd>T — Yb3t —
Tm3* is easier to carry out than the Tm3t —Yb’>* —
Tm3+ process. As a result, one can find that a onefold
enhancement of blue and red emissions by introducing
of Nd*+.

3.4 Concentration quenching discussion

The energy transfer rate for dipole-dipole interaction can be
expressed as

1 /Ry 6
PSA(R)=T—(7> , 9

where 1 is the actual lifetime of sensitizer excited, includ-
ing multiphonon radioactive decay state. Ry is the critical
transfer distance for which excitation transfer and sponta-
neous deactivation of sensitizer have equal probabilities, and
R is the distance between rear-earth ions [35, 36]. The de-
pendence of blue and red emissions intensity on Tm3* and
Nd3* concentration, as shown in Fig. 4, can be understood
by the following consideration:

For the 8-NaYbF4:Tm3*t, when the Tm>* doping con-
centration is much less than 0.8 mol%, the distance R be-
tween Tm3T and Yb3t is consistent with R > Ry, and the
energy transfer process Tm>t —Yb3*t — Tm3" is blocked
by Yb>*—Yb>* bridging ion pairs with high concentration,
as portrayed in Fig. 7, resulting in small energy transfer
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rate of Tm3t —Yb3*t — Tm3* process. When the Tm3*
concentration is far more than 0.8 mol%, the distance R
decreases and is consistent with R < Rgy. The nonresonant
energy transfer rate of Tm3t —Yb3*t decreases and the
resonant energy transfer Tm3>* — Tm3* become active. It
also can be explained in Fig. 6, the cross-relaxation (CR)
processes of Tm3t, S, and S», are the dominant methods
to deplete excited level 1G4, which are described in the fol-
lowing equations:

S : 1G4(Tm3+) +3H6(Tm3+)

— 3F3(Tm*") 4 7F4(Tm*), (10)
S, : 1G4(Tm3+) + 3H6(Tm3+)

— JHy(Tm*) + *Hs(Tm?"). (11)

Obviously, the above energy transfers reduce the number of
ions of 1G4 excited state, as a result, the intensity of 475 nm
and 646 nm emissions sharply decreases with high Tm3+
concentration.

For the 8-NaYbF4:Tm3*/Nd3+, when the Nd3* concen-
tration is much less than 0.6 mol%, the distance R between
Nd3* and Yb3* is consistent with R > Ry, and the energy
transfer process Nd>T — Yb3* — Tm>* is blocked by the
Yb3+t—Yb3* bridging ion pairs with high concentration, as
portrayed in Fig. 7, resulting in a small energy transfer rate
of Nd** —Yb** — Tm3*+ process. When the Nd** con-
centration is far more than 0.6 mol%, the distance R de-
crease and is consistent with R < Rg. The energy transfer
rate of Nd3t — Yb3* decreases and the back energy trans-
fer Tm3+ —Nd3* become active. It also can be explained
in Fig. 6; the resonant CR process of Tm>*t and Nd>* plays
role in depleting excited ! G4 level, which is described in the
following equation:

1G4(Tm3+) +4I9/2(Nd3+)
— 3F3 (Tm3+) + 41]5/2(Nd3+). (12)

The above CR process depopulates the ' G4 excited state, as
aresult, the intensity of 475 nm and 646 nm sharply decrease
with high Nd** concentration.

4 Conclusion

The Tm3*+ and Nd3* doped B-NaYbF, nanophosphors were
synthesized at 85°C in the air. The 85°C hydrothermal treat-
ment replaces the high-temperature treatment process under
HF atmosphere in solid-state reaction, and nonclosed syn-
thesis avoids high pressure in traditional hydrothermal syn-
thesis process. The blue and red upconversion emissions,
originated from the !G4 — 3Hg and !G4 — 3Hy transitions
of Tm3+, were observed under 808 nm excitation. The blue
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emission intensity can be enhanced onefold by introducing
Nd** in B-NaYbF;:Tm>*/Nd** nanophosphors. Intense
blue emission has a potential application in three primary
colors display and solid-state laser emitting in the blue spec-
tral region. The dominant populating mechanisms for the
B-NaYbF4:Tm3* and B-NaYbF4:Tm3+/Nd3>* nanophos-
phors are Tm3* —Yb3T — Tm3*t and Nd3* - Yb3t —
Tm3* energy transfer processes, respectively. The concen-
tration quenching processes for blue and red emissions in -
NaYbF4:Tm>* and 8-NaYbF4:Tm3*/Nd3*+ nanophosphors
are originated respectively from resonant CR processes of
Tm3* ions and resonant ET processes between Tm>T and
Nd3** ions.
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