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Hydrothermal synthesis of BasSc,F1,:Yb>*, Ln®*
(Ln = Er, Ho, Tm) crystals and their up conversion
white light emissionf
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BazScoF12: YL, Ln®* (Ln = Er, Ho, Tm) crystals with various morphologies have been synthesized via a one
step hydrothermal route. X-ray diffraction (XRD), scanning electron microscopy (SEM), and up conversion
photoluminescence (UCPL) spectra were used to characterize the samples. The influences of
surfactants, pH values, and molar ratio of F/Sc** on the crystal phase, size and shape of final products
have been studied in detail. The aspect ratio of products increased gradually with the increase of F~/Sc*
molar ratio. Additionally, the luminescence properties of Ba3Sc2F12:Yb3+, Ln** (Ln = Er, Ho, Tm) crystals
were systematically studied. The blue emission is attributed to the ‘G4 — >Hg transition of Tm>"; the
green emission can be obtained due to the Hqy/2/%S3» — *lis)» transitions of Er¥* and the °S,/°F, — °Ig
transition of Ho®*; the red emission comes from the 4F9/2 — 4I15/2 transition of Er** and the G4 — 3F,
transition of Tm**. Based on the generation of red, green, and blue emissions in the different Ln ion-
doped BaszSc,Fy,, the white light emission can be obtained by appropriately doping Yb®*, Er®*, and Tm®*
in the present BasSc,Fi, crystals due to the color superposition principle. Here, the sample
BasSCysa56F12:0.4Yb%Y, 0.01Er*, 0.0044Tm>* crystals showed suitable intensity ratio of blue, green and
red (RGB) emissions resulting in bright white light with CIE-x = 0.274 and CIE-y = 0.287, which was
illustrated by a photograph under excitation of 980 nm. The prepared BasSc,Fi»:Ln** phosphor has
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1. Introduction

Luminescent functional materials have been developed for use
in the fields of up-conversion luminescence bioimaging,
photodynamic therapy” and sensing device for antioxidants,*
such as organic dyes,” metal complexes,”® metal nano-
particles,’ semiconductors™ and lanthanide-doped inorganic
phosphors.*>** Most of these ordinary compounds display
luminescent emission with a Stokes shift which generates low-
energy photons under excitation of high-energy photons; but
few processes observe the opposite rule to produce up conver-
sion (UC) photoluminescence with an anti-Stokes shift. The
general principle of up the conversion luminescence process
can be described as the ground state of the luminescent center
absorbing a low-energy photon or being excited to the excited
state by a corresponding energy transfer (ET) process, then
another low-energy photon is absorbed or an ET process
promotes electrons to reach a higher excited state, finally the
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potential applications in the fields of three dimensional displays, back lighting and white light sources.

electrons return to the ground state with emission of high-
energy photons. As far as we know, the up conversion lumi-
nescence process of lanthanide ions should rely on their rich 4f-
electron configuration with abundant energy levels.
Lanthanide-doped materials show excellent up conversion
luminescence properties including large anti-Stokes shift, long
up conversion luminescence lifetime (~ms), sharp lines of
emission, low excitation energy (980 nm) and great photo-
stability.”* In order to minimize the nonradiative loss and
maximize the emitted radiation, the desirable host lattice
materials should have low phonon energy. This is because the
high phonon energy in the host lattice will promote non-
radiative energy loss. Oxide exhibits high chemical stability, but
their phonon energies are relatively high (>500 cm™'). In
contrast, fluoride generally exhibits high chemical stability and
low phonon energy (~500 cm™ ). Therefore, the fluoride is often
used as host material for up conversion process.*

To date, various UC matrix materials have been investigated,
such as lanthanide oxides,'*"” fluorides,'*" molybdates®* and
vanadates.” In recent years, many efforts have been made to
synthesize Y/Ln (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb and Lu)-based fluorides with controllable crystal phase,
shape and size. Nevertheless, Sc-based fluorides hosts have
been neglected.>? As we all know, the up conversion
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luminescence depends on the distance between the doped rare
earth ions in host lattice. Compared to Y/Ln-based fluorides, Sc-
based fluoride is particular because of its atomic electron
configuration and smaller ion radius. Thus, the Er*'-Yb**
cation pair is closer in the Sc-based fluoride, which is more
effective for energy transfer from Yb*" to Er’* ion.?® The BaLnF
(Ln =Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and
Lu) family has been greatly enriched in recent years.***” More-
over, Lin's group reported that the three-doped BaYFs:Yb, Er,
Tm nanoparticles with tunable color upconversion lumines-
cence including the white light;** Anthony K. Cheetham and co-
operator reported that efficient white light emission by doping
Yb**, Er’* and Tm>" ions in Y,BaZnOj; host;*® our group also
reported that the Sr,ScF,:Yb*', Er’*, Tm*" nanoparticles were
successfully prepared to obtain white light emission.** On the
other hand, Fedorov's group reported that the BazSc,F;, was
synthesized using coprecipitation from aqueous solutions;*®
Qnacton's group reported that the Ba;Sc,F,, was obtained by
solid-state method and its structure and unit cell parameters
were studied.** A method to prepare single phase Ba;Sc,F;,
powders was proposed in these two reports, but there was no
discussion about the luminescent properties of BazSc,Fi,,
especially no UC white light emission.

High temperature solid state method, thermal decomposi-
tion, and hydro(solvo)-thermal synthesis are nowadays the three
most common routes to prepare RE-based fluorides. The high
temperature solid state method is favorable for synthesis of RE-
based fluorides compared with the thermal decomposition that
requires very toxic fluorinated and oxy-fluorinated carbon
species. Although high-quality of RE-based fluorides can be
realized in the high temperature solid state method, but it also
has some disadvantages including complicated experimental
condition, tedious procedure and high reaction temperature.
Additionally, the hydro(solvo)-thermal method is more suitable
to prepare highly crystalline fluorides nanomaterials under
relatively mild condition.?®***

Compared with the traditional high temperature solid state
reaction route, the hydrothermal synthesis of UC fluorides has
the advantage of controlled morphology and size, but it loses
the high emission efficiency due to the high concentration
defects and OH . In the past decade, many approaches have
been reported to increase the UC emission efficiency of
lanthanide-doped nanoparticles, for example, using noble
metal nanocrystal plasma,* photonic crystal effect,*® surface
coating through core-shell structure*” and ion-exchange modi-
fied hydrothermal method.**>°

The Yb®" ions have a larger near infrared (NIR) absorption
cross section, which act as an excellent sensitizer codoped with
Er** or Ho®>" or Tm** ions and result in strong red or green or
blue UC emissions. Richards' group report near-infrared-to-
visible La,0;:Yb®", Er*" (LYE) UC materials with a high
internal quantum yield (UCQY) of 3.8%, external UCQY
(brightness) of 1.6% and tunable emission color.** B. S.
Richards® and partners respectively discuss the optical property
of Yb**/Er*", Yb**/Tm?*" and Yb**/Ho?". As we all know, UC white
light in displays, back lighting and general lighting alternatives
have a wide range of applications because it is compact, cheap
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and power-rich. In order to achieve a combination of RGB
emissions in a single inorganic phosphor, it is possible to
incorporate Er**, Tm*", Ho** and Yb®' ions into the host
material, which is one of the most effective methods to
obtaining UC white light.>*®

In our report, we prepared BazSc,F;, crystal by hydrothermal
method under mild condition, and researched the effects of
surfactants and pH value on the phase and morphology.
Furthermore, the molar ratio of F~/Sc®" has a large effect on the
size and aspect ratio of the crystal. We doped Yb*", Er**, Tm*"
and Ho®' ions in Ba;Sc,F;, host to achieve tunable multicolor
up conversion luminescence from RGB to white light emission.

2. Experimental

2.1 Chemicals and materials

RE,O; (RE = Sc, Ho, Er, Tm, Yb) (99.99%) were purchased from
Chuandong Chemical Reagents Company (China), barium
chloride dihydrate (BaCl,-2H,0), sodium tetrafluoroborate
(NaBF,), trisodium citrate dihydrate (Cit*"), ethylenediamine
(EDA), r-glycine (-Gly), ethylenediaminetetraacetic acid diso-
dium salt (EDTA-2NA), sodium hydroxide (NaOH) and nitric
acid (HNO;3;) were analytical grade reagents from Aladdin
Industrial Corporation (China), and all above materials were
used without further purification.

2.2 Preparation

First, the rare earth oxides were dissolved in HNO; aqueous
solution and removed the excess HNO; by evaporation to form
RE(NO3); solution for further use. In a typical process for the
BazScy 50F12:0.4YD?", 0.01Er*" nanocrystals: 2 mmol trisodium
citrate dihydrate (Cit>~) was dissolved in 30 ml deionized water
to form a clarified solution under sustaining magnetic stirring
at room temperature. Subsequently, 2 mmol RE(NO3); (RE = Sc,
Yb and Er) solution was dropwise added into the aforemen-
tioned solution. Then, 3 mmol BaCl,-2H,0 and 4 mmol NaBF,
were added into the antecedent solution respectively. And then,
the pH of the mixture solution was adjusted to 11 by adding
NaOH solution. Finally, the white precipitate was formed under
magnetic stirring for 30 min at room temperature and then
transferred into a 50 ml polytetrafluoroethylene autoclave,
sealed and maintained at 220 °C for 24 h. As the autoclave
cooled to room temperature naturally, the white sediment was
separated by centrifugation. It was wished several times with
deionized water and ethanol, and dried in air at 80 °C for 12 h to
obtain final sample. Meantime, the other BazSc,F;,:Ln’*
samples were synthesized via similar process.

2.3 Characterization

The crystal structure and phase were analyzed by powder X-ray
diffraction (XRD) measured on a Purkinje General Instrument
MSALXD3 using Cu Ko radiation (A = 0.15406 nm) at a scanning
rate of 4° min~" in the 26 range from 10° to 60°, 20 mA, 36 kV.
The morphology of samples was inspected by a field emission
scanning electron microscope (FE-SEM, XL30, Philips) operated
at an accelerating voltage of 10 kV. The up conversion (UC)

This journal is © The Royal Society of Chemistry 2017
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emission spectra were obtained using a 980 nm laser from
MDL-N-980-8W as the excitation source and detected by a LS 55
(PerkinElmer) from 300 to 800 nm. All the measurements were
performed at room temperature.

3. Results and discussion
3.1 Phase and structure

The pure phase of BazSc,F;, has been obtained by one step
hydrothermal method with trisodium citrate dihydrate (Cit*").
Fig. 1 shows the XRD patterns of Ba3SCZ(O.ggs_x)F12:2be3+,
0.01Er** crystals (x = 0, 0.05, 0.1, 0.2, 0.3 and 0.4). All diffraction
peaks are in good agreement with the standard card of
BasSc,Fq, (JCPDS 49-1506) while x = 0-0.3, but superfluous
diffraction peak exists at 260 = 30.417° when x = 0.4 (seeing the
black spot symbol in Fig. 1), which belongs to (214) crystal plane
of the Ba,YbsF;, phase (JCPDS 44-0956). With the increase of
Yb*" concentration from 0 to 0.3, the diffraction intensity of
(111) lattice face gradually diminishes until it disappears; and
the intensity ratio of (201)/(211) is gradually reduced, which is
the same as the case of (212)/(410) but opposite to the situation
of (331)/(312). To sum up, Yb*>* and Er** ions were successfully
doped into the BazSc,F;, host lattice without changing the
crystal structure of BasSc,Fi, when Yb®" = 0-0.3; but excess
phase of Ba,Yb,F,, existed when Yb*" = 0.4. It is worth noting
that the XRD peak shift moved toward low 26 direction with the
increase of Yb®" concentration because of lattice expan-
sion,*»**%” but it stopped and moved to higher 26 direction
when x = 0.4 due to the emergence of new phase (Fig. S1, ESIT).
Table S1 (ESIT) provides direct evidence of lattice expansion that
the lattice volume of BasSCy(.905-xF12:2xYD>", 0.01Er**
increases from 499.89 A® to 507.1 A® with Yb** concentration at
x = 0-0.3. But the lattice volume reduces while x = 0.4 due to the
emergence of new phase (Ba,YbsF;).
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Fig.1 XRD patterns of BasSCxg.005_xF12:2XYb**, 0.01Er** crystals (x =
0, 0.05, 0.1, 0.2, 0.3 and 0.4). The standard data of BazSc,F;, (JCPDS
49-1506) and BasYbsFy7 (JCPDS 44-0956), respectively.
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3.2 Morphology

3.2.1 Effect of surfactant. The XRD patterns and SEM
images of the BasSc,F;, samples with different surfactants are
shown in Fig. 2. As displayed in Fig. 2a, all the diffraction peaks
can be ascribed to the pure monoclinic BasSc,F;, (JCPDS 49-
1506) when trisodium citrate dihydrate (Cit>~) and ethylenedi-
amine (EDA) are used as surfactants. But there are more or less
extra peaks while ethylenediaminetetraacetic acid disodium salt
(EDTA-2NA) and r-glycine (1-Gly) act as surfactants or no
surfactant, which correspond to the (200), (220) and (311) lattice
facets of BaF, (mark in Fig. 2a with black rhombuses symbol).
Therefore, the trisodium citrate dihydrate (Cit’>~) and ethyl-
enediamine (EDA) could limit the formation of BaF,. Fig. 2b
shows the SEM image of Ba;Sc,F,, sample without surfactant,
which presents a spherical shape with diameter of about 5 um.
It is clearly observed that many small particles gathered into
a bigger sphere for reducing surface energy. Fig. 2c shows the
SEM image of BasSc,F;, sample with Cit>~, which presents
decentralized, uniform and regular cuboid with average size of
200 nm in width and 300 nm in length. The Cit>~ was regarded
as excellent chelating agents in our work. It could selectively
absorb on the specific crystal facet of Bas;Sc,F;, which slow
down the nucleation as well as avoid nanocrystals agglomera-
tion leading to subsequent further grow into the cuboid
particle.”®* Fig. 2d shows the SEM image of Ba;Sc,F,, sample
with EDA, which presents a spherical shape with diameter of

— | 200 =) —
al =15 8l 5, 8"
1 L-Gly
1 ' I EDTA-2NA
)
‘E, EDA
]
5 cit>
=
= NO
=R ==} o Ba3sScaF12
— N o
1T RPN

Fig.2 XRD patterns of the BazSc,F;, crystals with different surfactants
(a) and the corresponding SEM images ((b) NO; (c) Cit>~; (d) EDA; (e)
EDTA-2NA; (f) L-Gly).
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about 5 um assembled by many smaller nanoparticles. It is
interesting that these spheres may be hollow spheres from the
of view of individual incomplete sphere in Fig. 2d (seeing the
red mark). Fig. 2e shows the SEM image of BasSc,F;, sample
with EDTA-2NA, which presents spindles with length of about
1 pm. Fig. 2f shows the SEM image of BazSc,F;, sample with
L-Gly, which presents nanoparticles with uneven size from 50 to
200 nm. In summary, Cit*~ is most suitable to be a surfactant
for preparation of disperse, uniform and regular product with
pure phase in our present experiment.

The morphology of crystal is influenced by internal crystal-
lographic structure and external growth environment. Once the
crystalline structure is determined, the characteristic unit cell of
the seed dramatically influence the further crystal growth.***
The BazSc,F;, belongs to tetragonal in syngony, and its seed has
an anisotropic unit structure which can induce anisotropic
growth along the crystal reaction direction to form cube. The
Cit>~ could attach to the characteristic crystal faces and slow
down the nucleation, so that the BasSc,F;, crystal grew into
a rectangular cuboid. The interaction force between different
surfactants and individual crystal plane is much different,
which will change the relative growth rate of crystal plane and
then transform the size and shape of the final crystal.

3.2.2 Effect of pH value. It was found that the pH value of
initial reaction solution has a great effect on morphology and
size of the BazSc,F;, crystal. When pH = 5, the morphology of
product is decanedron that is truncated octahedron (Fig. 3a).
The average size of decanedron is about 6 pm. The size becomes
smaller to 2 pm when pH = 7 (Fig. 3b). At the same time, the
transformation of geometry from truncated octahedron to tet-
rakaidecahedron happened because two new crystal facets {010}
and {100} have appeared. It is noticed that the {101} plane
gradually disappeared while the portion of {100} and {010}
planes increased accordingly. Finally, the {101} crystal face
completely disappeared, and then the cuboid formed at {100}
plane direction with 200 nm and {010} plane orientation with
300 nm when pH = 9-11 (Fig. 3c and d).

500nm
-

Fig. 3 SEM images of BasSc,Fi, crystals prepared at different pH
values.
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For the formation of the BasSc,F;, crystal, the possible
process can be proposed as follows:

Sc** + Cit*™ — Sc** — Cit*™ (complex) (1)

NaBF, + 4OH™ — Na® + 4F~ + B(OH),~ (2)
3Ba®" + 12F + 2S8¢™ — Cit>~ — BasSc,F, + 2Cit*™  (3)

As shown in Scheme 1, the Sc**~Cit>~ complex was obtained
when a certain amount of Na;Cit was added into the initial
solution. Under high temperature and high pressure, BF,” and
Sc®*-Cit>~ complex gradually released F~ and Sc** ions,
respectively. Subsequently, they combined with Ba*" in solution to
form Ba;Sc,F,, seed. It has been confirmed that NaBF, in acidic
solution is slowly hydrolyzed to produce B(OH),” and F~ anions
in previous reports.®*® The slow nucleation rate in solution
caused large size of the final product because of the low content of
F~ and Sc*" ions under faintly acid condition (pH = 5). The Cit*~
selective absorb onto the {001} plane which has lower surface
energy than the {101} plane, consequently prevent the enlarge-
ment in the {001} plane direction and accelerate the growth along
the {101} crystal plane. So it is shown in Scheme 1 that the {001}
crystal face is much larger than {101} plane. The pH value can
directly affect the bonding strength of Sc**-Cit>~ complex and
also affect the surface energy of crystal facets.** The concentration
of S¢®* and F~ ions increases because the bonding force of
Sc®>*~Cit*~ complex is weakened and the hydrolysis of BF,~ ion is
enhanced with the increase of the pH value from 5 to 11, which
will accelerate the nucleation process and be conducive to the
production of small size product. When pH = 7, two new crystal
faces {010} and {100} began to appear and the {101} crystal faces
began to decrease. Finally, the {101} crystal planes disappeared to
form a cuboid crystal when pH = 11. It illustrates that the {101}
plane has larger surface energy to caused faster relative growth
rate until disappearing (Scheme 1).

Based on the above analysis, it is obvious that the pH value
can change the bonding strength of S¢*>*~Cit*~ compound and
the content of F~ ions, and thus affect the size of the crystal.
Furthermore, the pH value can affect the crystal surface energy,
and thus affect the relative growth rate of crystal planes, which
is related to the shape of crystal. It is obvious that pH value plays
an important role on size and shape of the final crystal.

3.2.3 Effect of molar ratio of F/Sc**. The SEM images of
Ba,Sc,F;, obtained at different molar ratios of F/Sc*' are
shown in Fig. 4a-d, respectively. When F/Sc** = 6: 1, the
resulting BasSc,F;, sample is cube with length of 200 nm and

strong {001}
.’ M Lok
Cit™, pH=T | B o =
i S
e 8 P 4 Siodffoiny
Se*-Ci* complex PH=“£ ¥
weak (3(3‘5 m

Scheme 1 Schematic illustration for the effect of pH values on
morphology of the BaszSc,F, crystal.
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Fig. 4 SEM images of BazSc,Fi, crystals obtained at different molar
ratios of F7/Sc>*: (@) 6 :1; (b) 8 : 1; (c) 12 : 1; (d) 16 : 1.

aspect ratio of 1 (length/diameter, L/D) (Fig. 4a). It is clearly
observed that these cubes are made up of many smaller cubes
and the surface looks rough. The rough surface disappears and
becomes smooth (Fig. 4b), and also the aspect ratio (L/D)
increases because the length increases and width decreases
with the increase of the molar ratio of F~/Sc**. When F~/S¢** =
16 : 1, the length increases to 400 nm and the width decreases
to 100 nm. That is to say the aspect ratio increases from 1 to 4
(Fig. 4a and d). Based on the above results, it is reasonable to
believe that the molar ratio of F/S¢®" has a great effect on both
shape and size of the final products. At the early stage, the Cit*~
anions were introduced into the reaction system and combined
with Sc¢** ions to form Sc**-Cit>~ compound through strong
coordination interaction.®® Then under the hydrothermal condi-
tions of high temperature and pressure, the chelating power of
the Sc®>*-Cit’~ compound would be weakened, and slowly
released Sc** ions. Additionally, F~ and Ba*>" in the solution react
with Sc®* to produce BasSc,Fy, nuclei. The pure crystal of
Ba,Sc,F;, was obtained in the low molar ratio of F/Sc®*" = 6: 1,
while the size and shape of Ba;Sc,F;, vary along with the increase
of molar ratio of F~/Sc** from 6 : 1 to 16 : 1.

This can be explained by different capping effect of F~ ions
on different crystal faces, which is similar to the example of the
morphology control forf-NaYF, in the previous literature.®® In
Gibbs-Thompson theory, the relative chemical potential of the
crystal is proportional to its surface atomic ratio, which is
determined by the average number of hits per atom on the
entire crystal.”” The cupping effect of F~ ions will decrease the
average number of dangling bonds, and further reduce the
chemical potential of the crystal plane. The density of Sc** on
different crystal face is diverse. The density of Sc** on the crystal
plane in width direction is greater than that in length direction,
which results in the selective absorption capacity of F~ ions on
the plane in width direction is greater than that in length
direction. So the surface energy of the crystal plane in width
direction decreases apace while that of the crystal plane in

This journal is © The Royal Society of Chemistry 2017
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length direction increases accordingly along with the increase
of molar ratio of F7/Sc*" from 6:1 to 16 : 1. As a result, the
relative growth rate along the plane in length direction is faster
than that in width direction. So, the rod-shaped samples with
longer length (400 nm) and higher aspect ratio (L/D =4 : 1) are
formed. The stepped rough surface of cube (Fig. 4a) is formed
because the Cit’~ slows down the nucleation process and low
concentration of F~ ions (F/Sc®" = 6 : 1) makes the crystalli-
zation incomplete.?*°%¢%¢°

3.2.4 Effect of doping concentration. Fig. 5 shows the SEM
images of BazScy(;_xF12:2xYb*", 0.01Er’" crystals at x = 0, 0.05,
0.1, 0.20, 0.30 and 0.40, respectively. From previous Fig. 1, it is
known that the products are pure phase and highly crystalline
when x = 0-0.3, but new phase appears while x = 0.4. The
cuboid morphology is shown in Fig. 5a, and it is clearly
observed that the average size is 200 nm in width and 300 nm in
length (x = 0). The crystal growth along length direction grows
to around 500 nm when x = 0.05. The length of the crystal
increases to 1.5 pm (Fig. 5d) while x = 0.2. However, the crystal
growth stop in direction ({100} planes) and maintain size at
about 1.5 pm when the Yb*" concentration increases to x = 0.3
and 0.4, but the width of crystal increases with the increase of
Yb** concentration. From the above, the length of the crystal
increases from 400 nm to 1.5 um with the increase of Yb*
concentration from x = 0 to x = 0.2, but the length of crystal was
no longer increasing when the concentration of Yb*" was
increased to (x = 0.3).

It means that higher doping concentration of Yb®" ions (x <
0.3) is favorable for the anisotropic growth. The reason for that
should be related to the different growth rates of the crystals

500nm
) ’ o=

S00nm

Fig.5 SEMimages of Ba3Sc2(1_X)F12:2be3+, 0.01Er** crystals ((a) x = 0;
(b) x =0.05; (c) x =0.1; (d) x = 0.2; (e) x = 0.3; (f) x = 0.4).
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along the {100} direction versus {001} direction. The greater the
concentration (x < 0.3), the faster the growth tendency along
the {100} orientation; but the further increasing concentration
(x = 0.3 and 0.4) will inhibit further growth in {100} direction,
which is similar to the other case of doping larger-radius
lanthanides.””> The lanthanide ions can be doped into the
Ba;Sc,F,, crystal because of the similar radius between Sc** and
other doped ions, as well as the similar Pauling’s electronega-
tivity of rare earth ions. The RE*" ions with larger radius replace
the Sc** ions, which would bring a monotonous lattice expan-
sion, and then increase the nucleation energy and restrain
heterogeneous nucleation.’*”® The trisodium citrate dihydrate
(Cit’>") is an efficient chelating reagent to selectively adsorb on
the {001} crystal planes, and the aggregation of larger-radius
RE®" ions on this crystal planes will reduce the concentration
of F~ ions, which will result in inhibiting the crystal growth in
the {001} direction and faster growth rate in the {100} direction
than that in {001} direction. But higher doping concentration
(x = 0.3 and 0.4) restrains the growth in length direction and
promotes the growth in width direction relatively, because the
increasing concentration of RE*" with larger radius in {100}
direction inhabits the crystal growth in this orientation.”

3.3 Up conversion luminescence property

3.3.1 Multicolor light in the Ba;Sc,F;,:Yb*", Ln*" (Ln = Er,
Ho, Tm) system. Fig. 6 displays the up conversion (UC) lumi-
nescence spectra of Ba;Sc,xF1,:xYb®', 0.01Er*" crystals with
variable Yb** concentrations from x = 0 to x = 0.3 under 980 nm
laser excitation. Two primary bands in the green emission
region with maxima at 520 and 542 nm are attributed to the
*Hy1 — “Lisp and 'Sz, — 15, transitions of the Er’" ions
respectively, and the wide band in red emission region at
648 nm is ascribed to the *Fo;, — 1,5/, transition of Er’** ion in
Ba;Scy1—xF12:2xYb*", 0.01Er*" crystals. The energy required
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Fig. 6 UC emission spectra of BasSC.o9s_xF12:2xYb®*, 0.01Er**
crystals under 980 nm excitation with power density of 3 W cm™2,
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between the ground state and the excited state of Er’" is
matched to 980 nm laser.

It is clearly observed that the intensity of green emission
reduced but the intensity of red emission enhanced with the
increase of the Yb*" ions. A similar result was also observed
from some other Yb*'/Er’**-codoped fluorides.****7*7¢ The
interatomic distance of Yb**-Er®" in the BasSc,F;, host lattice
would decrease with the increase of Yb*" ions, which would
produce two energy-back-transfer processes from Er** to Yb**
(Fig. 7). The energy-back-transfer of *S;, (Er*") + °F,, (Yb*") —
M35 (Er*Y) + *F5, (Yb*) (BET1 in Fig. 7) should depopulate
the excited levels *S;, and *Hy;,. So, the green emission
(*Hy1/2/*S3/2 — *115)2) decreased.

For the red emission, the mechanism of up conversion
emission is predominantly attributed to a two-photons process
from the excited Yb** to Er** because of larger absorption cross
section of Yb*" ions than that of Er* ions. At first, the ground
state ’Fy,, of Yb®>" absorbed a photon to *Fs;, and then trans-
ferred its energy to Er*" (*Iy,). During the lifetime of
115 (Er*"), a second Yb*" (°Fs;,) ion transferred its energy
again, resulting in the population of the *F,, state of Er**, and
then nonradiative relaxation populated the *Fo, levels, so
that the red emission of *Fo;, — *I;5/, was produced (Fig. 7). At
the same time, relaxation from *I;;,, (Er**) would produce the
1132 (Er*"), and then the excited state *Fs/, of Yb®" transfered its
energy to Er’* through the energy transfer process *Fs,, (Yb*") +
M3 (ErPY) — 2F,, (YD) + *Fy, (Er’), which can directly
populate the *Fy, red-emitting level (Fig. 7) and increase the red
emission at 648 nm with the increase of Yb*" ions.”” In addition,
the energy-back-transfer process of ‘F,,, (Er’") + *F,, (Yb*") —
*L1p (Er) + 2F5;,(YD®) (BET2 in Fig. 7) should restrain the
number of electrons on the excited *F,, (Er’*") level at higher
concentration of Yb*" ions. This would further reduce the pop-
ulation on the green-emitting levels *H,,,, and S/, and then the
green emission decreased.”

Analyzing the UC emission spectra of Ba3Sc2(0,995,x)F12:2be3+,
0.01Er** crystals in Fig. 6 and the XRD patterns in Fig. 1, the
doping concentration of Yb*" is selected to be 0.2 in
Ba3SCs(0.995xF12:2xYb*", Ln*" (Ln = Er, Ho, Tm) crystals for
controlling the doping concentration of the total RE*" in proper
range (<0.4) to produce the pure phrase of BazSc,F;,. Fig. 8 shows
the UC luminescence spectra of Ln**-doped Ba;Sc,F;, crystals
under 980 nm laser excitation. The Ba;Sc; ooF;,:0.01Er*",

Fig.7 Energy level diagrams of the Yb®*, Er**, Tm** and Ho®* ions and
the proposed UC emission mechanism.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Up conversion emission spectra and the corresponding
luminescent photographs of BazSc,Fio:Ln** crystals under 980 nm
excitation with power density of 3 W cm™2 in dark room.

BasSc, 50F1,:0.4YD?", 0.01Er*", BasSc, 5oF12:0.4Yb%", 0.01Tm*" and
Ba;Sc; 50F1,:0.4Yb>", 0.01H0®" samples exhibited green, yellow,
blue and green emissions, respectively. These color emissions can
be confirmed by the corresponding luminescent photographs
under 980 nm laser excitation (inset in Fig. 8). The UC emission
spectrum of the BazSc; goF1,:0.01Er*" sample excited at 980 nm is
shown in Fig. 8a. The green emission is ascribed to *Hyy, S5/, —
1,5, transitions of Er**; but the red emission region (*Fo, — I35/
of Er’") was obtained in BazScysoF1,:0.4Yb*", 0.01Er’" sample
(Fig. 8b), which was mixed with green emission region to show
yellow emission. This can be confirmed by the luminescent
photograph in Fig. 8b. Fig. 8c indicates that strong blue emission
at 482 nm (G, — *Hg of Tm®") and weak red emission at 650 nm
('Gy — °F, of Tm®") respectively, and the BazSc; soF;,:0.4Yb*",
0.01Tm** product exhibited blue emission from luminescent
photograph under 980 nm laser excitation (inset in Fig. 8c).

Fig. 8d shows the up conversion luminescence spectra of
Ba;Scy 50F1,:0.4Yb*", 0.01H0®" crystal. The band in the green
emission region at 545 nm is attributed to the °S,, °F, — °Ig
transition of Ho*>" and the weak red region emission at 663 nm is
ascribed to the °F5 — °I4 transition of Ho>'. The green emission
can be confirmed by the corresponding luminescent photo-
graphs under 980 nm laser excitation (inset in Fig. 8d). We can't
observe green emission in single Ho**-doped Ba;Sc,F;, crystals
under 980 nm laser excitation because the ground state absorp-
tion (GSA) can't occur, but Yb*>" could act as the excellent sensi-
tizer to produce energy transfer process from Yb** to Ho®" in
BazSc, 5oF15:0.4Yb%Y, 0.01H0®>" crystal, which leads to green
emission. As for the red light emission at 663 nm, there are two
possible energy ways for the population of the °Fs red emitting
level (Fig. 7): (1) *Fss (Yb*") +°I, (Ho™") — 2F,, (Yb*") + °F5 (Ho™),
in which the °I, level is obtained through the nonradiative
relaxation from the °I5 level; (2) nonradiative phonon-assisted
relaxation from the °F, and °S, states to the °Fs state.”

The UC emission property of Yb**/Er’** and Yb**/Tm*" will
yield the excitation power density because excitation density not

This journal is © The Royal Society of Chemistry 2017
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only is directly related to the initial population of the excited
state in a UC system, but also modifies the multi-phonon non-
radiation relaxation probability. To further investigate the
emission behavior of Yb*'/Er*" and Yb**/Tm?>* pairs, and the
logarithmic relationship of UC emission intensities to power
density of Ba,Sc,F;,:0.4Yb**/0.01Ln*" (Ln = Er, Tm) is shown in
Fig. 9. The UC emission intensity increased with power obeying
arule of I « P" for both the green and blue emissions, where I is
the emission intensity, P is the excitation laser power density,
and 7 is the number of photons.?® The n values are obtained to
be 1.92 and 3.02 for green and blue emissions, respectively. For
the green emission of Yb**/Er®*, the value of 7 is close to 2 which
indicates that the green emission in Ba,Sc,F;, matrix is
involved in two-photon process; for the blue emission of
Yb**/Tm*" pairs, the n value is close to 3 which indicates that
the blue emission in Ba,Sc,F;, matrix is involved in three-
photon process.

Compared with the traditional high temperature solid state
reaction route, the hydrothermal synthesis of UC fluorides has
the advantage of controlled morphology and size, but it lose the
high emission efficiency due to the high concentration defects.
We can find that the UC emission intensities of Ba,Sc,F;,:0.4-
Yb**/0.01Ln** (Ln = Er, Tm and Ho) crystals prepared by solid
state route are stronger than that prepared by hydrothermal
method (see Fig. S2+).

3.3.2 White light in Ba;Sc,Fy,:Yb**, Er*, system.
Fig. 10 shows the emission spectra of BasSc; s5oF;,:0.4Yb*",
0.01Er**, BasScy 50F15:0.4Yb?", 0.01Tm*" and BasSc; 55F1,:0.4-
Yb**, 0.01Er*", 0.01Tm?*", respectively. It is clearly observed that
the spectrum of the BazSc; 55F1,:0.4Yb*", 0.01Er*", 0.01Tm>"

a composite of the spectrum of the BasScysoF;,:0.4Yb%",
0.01Er*" and the spectrum of the Ba;Sc; 5oF;,:0.4Yb*", 0.01Tm>"
(dot line in Fig. 10), in which the blue emission is derived from
the 'G, — °Hg transition of Tm** and the green emission is
attributed to the *Hyy,, *S3;» — *Iy5/, of Er**. And then carefully
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Fig. 9 Double logarithmic relationship of green and blue lumines-
cence intensities versus power density of Ba,Sc,F1,:0.4Yb®*/0.01Ln**
(Ln = Er, Tm).
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Fig. 10 Up conversion luminescence spectra of BazScoFipiLn®*
crystals under 980 nm excitation with power density of 3 W cm™2

observed, there are three peaks and two troughs in the red area
of BazScy 50F12:0.4YD?", 0.01Er**; however, there were only two
peaks and one trough in the red area of BasScy sgF;,:0.4Yb>",
0.01Er**, 0.01Tm>" product. It indicted that the red emission of
the Ba;Sc, 55F1,:0.4Yb**, 0.01Er**, 0.01Tm>" is composed of the
*Foi, — *L;5,, red emission of Er’* ions (predominant) and the
'G, — *F, red emission of Tm’" (negligible) ions together.

Here, the Ba,Sc; 55F1,:0.4Yb*") 0.01Er*", 0.01Tm*" products
show blue, green and red emissions, so that white light emis-
sion could be produced on the basis of the color superposition
principle. The tunable colors were obtained through adjusting
the ratio of Yb**/Er**/Tm®* in Ba,Sc,F;, host crystal. We have
synthesized a series of Ba;Scy(.795-xF12:0.4Yb”", 0.01Er’’,
2xTm>" crystals doped with different Tm*" concentrations (x =
0.0014-0.0030). The up conversion photoluminescence emis-
sion spectra of BazScs(g.795_x)F12:0.4Yb>", 0.01Er*", 2xTm’" are
displayed in Fig. 11a.

It is observed that the UC emission spectra of
Ba3SCy(0.705—x)F12:0.4Yb>", 0.01Er**, 2xTm’" crystal consists of
blue emission at 482 nm (G, — *Hg of Tm*"), green emission at
520/542 nm (*Hy1/5/*S32 — “Iys, of Er’*) and red emission at
648 nm (‘Fo;, — “I;5, of Er¥*). As the concentration of Tm®*
increases from 0.0014 to 0.0030, the red emission increases
compared to the green emission, which indicates that there is
an interaction between Tm®" and Er’’. The resonant cross-
relaxation process of 'G, (Tm*") + *L;5,, (Er’") — °F, (Tm*") +
*Foy, (Er**) possibly achieved (Fig. 7) because the energy of the
'G, — °F, emission matches the excitation of I;5, — “Fo»
exactly.””#*“#> This would result in greater population of the red
emitting level “Fq, (Er*") and enhance the red emission inten-
sity (Fig. 11a). Additionally, the corresponding CIE chromaticity
coordinates of BazSCy(0.705-xF12:0.4Yb>", 0.01Er*’, 2xTm**
crystals vary from green light region (0.278, 0.373) to blue white
light (0.264, 0.221) by changing the Tm®* ions concentration
(Fig. 11b). Furthermore, when x = 0.0022, the white light UC
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Fig. 11 (a) UC photoluminescence emission spectra of the
BasSCa(0.795 xF12:0.4Yb*", 0.01Er**, 2xTm** crystals under 980 nm
excitation with power density of 3 W cm™2, (b) the corresponding CIE
chromaticity coordinates.

photoluminescence  in  BazSc; ss56F12:0.4YD*",  0.01Er*",
0.0044Tm>" crystal with CIE-x = 0.274 and CIE-y = 0.287 is
obtained and the corresponding luminescent photograph also
is shown in Fig. 10a for direct observing, which suggests
potential applications in display technology and white light
sources such as white LEDs.

4. Conclusions

In conclusion, we synthesized Ba;Sc,Fy,:Yb*", Ln** (Ln = Er,
Ho, Tm) crystals through mild hydrothermal route and studied
the UC emission properties under 980 nm laser excitation.
BasSc,Fq,:Yb?", Ln®* crystals with various shapes and sizes were
obtained by selecting different surfactants and controlling pH
values. The aspect ratio of the Ba;Scs(o.995—x)F12:2xYb*", 0.01Er*"
crystal increased with the increase of the concentration of the

©
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doped Yb*" ions (x < 0.3). The blue, green and red up conversion
luminescence of the Ba;Sc,F;,:Ln’" system can be attributed to
Er*', Tm*>" and Ho>" ions both excited by means of Er** ground/
excited-state absorption and energy transfers from Yb** ions.
Because the back-energy-transfer between Yb**~Er** ions could
weaken the green emission and increase the population of the
red emission “Fo, level, the enhancement of red emission was
obtained with the increase of Yb** ions. Based on the principle
of color superposition, we achieved the white light UC emission
with CIE-x = 0.274 and CIE-y = 0.287 in Ba;Sc; sg56F12:0.4Yb>",
0.01Er**, 0.0044Tm>* system by controlling the species and
concentration of dopants. In view of multicolor UC emission of
the BazSc,F1,:Yb®, Ln*" (Ln = Er, Ho, Tm) systems under
980 nm LD excitation, they may have potential applications in
the fields of three dimensional displays, back lighting and white
light sources.
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