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A B S T R A C T

In this work, Yb3+, Tm3+ co-doped NaYF4 powders with several morphologies (spheres, micro-needles, and
microrods) were successfully synthesized by varying the NaOH concentration from 0 to 2M. The synthesis was
carried out with pressure-assisted hydrothermal reactions. XRD diffraction patterns confirmed the presence of a
pure crystalline hexagonal phase in all the NaYF4 samples. Structural data, crystallite sizes, lattice parameters,
and cell volumes were obtained with the Rietveld method. The up-conversion spectra of the
NaYF4:Yb3+(20%),Tm3+(1%) powders synthesized with different concentration of NaOH were obtained under
infrared excitation at λ=980 nm. These spectra showed the characteristic visible emissions of Tm3+ at 455
(1D2→

3F4), 478 nm (1G4→
3H6) and 805 nm (3H4→

3H6) for NaOH concentrations below 1M. However, the
visible emission was completely quenched for NaOH concentrations from 1M and only a pure IR emission was
observed at 805 nm. Hence, the NaYF4 powders studied in this work could be candidates as active media of solid
state laser at 805 nm, which are currently important for biomedical applications and photothermal therapy.

1. Introduction

Up-conversion (UC) phosphors are a current topic of research be-
cause of their excellent optical properties, which enable them to con-
vert near-infrared (NIR) light to visible (VIS) light. Therefore, these
phosphors have applications for photocatalysis [1–3], solar cells [4–7],
solid-state lasers [8] and biomedicine [9–12]. Particularly in the bio-
medical field, if the UC phosphors are used as biomarkers, they can be
excited with NIR light which do not damage the cells. In contrast, other
biomarkers such as quantum dots or organic dyes need to be excited
with harmful and even carcinogenic UV light. Moreover, the auto-
fluorescence of many biomolecules is absent under NIR excitation and
the penetration depth of NIR light on human skin and tissues is en-
hanced in the optical window of 700–900 nm [10,13]. Currently, there
are advances for the development of materials able to emit single
emission at 800 nm through the use of Yb3+,Tm3+ dopants, since this
wavelength is resonant with the gold nanoparticles, which are em-
ployed for surface plasmon resonance (SPR) and this effect is used for
photothermal cancer therapy [14,15]. In fact, Abadeer et al. [16] re-
ported that a ratio (length/width) of 3.7–4.4 for gold nanoparticles,
produces a strong optical absorption of NIR photons at 800 nm. Most of

Yb3+,Tm3+ co-doped NaYF4 phosphors present a weak NIR emission at
800 nm which is accompanied by blue and UV emissions. Those ma-
terials are not desirable for phototherapy treatments because the VIS
emission could produce degradation in the cells [17]. Thus, new stra-
tegies to inhibit the UV and VIS emissions are required to produce
materials with emission only at 800 nm.

The hexagonal NaYF4 has been considered as one of the most effi-
cient up-converter hosts, its superior optical properties are attributed to
the multisite character of its crystal lattice. It has two possible different
symmetries: NaNdF4, with space group P 6̄ [18] and the gagarinite
structure, with space group P63/m [19]. In addition, its photostability
and low phonon energy (≈360 cm−1) diminishes the non-radiative
relaxation of excited electrons, thereby increasing the light emission
intensity [20,21]. One of the most employed methods for the synthesis
of doped NaYF4 nanoparticles is the hydrothermal method, which
produces nanoparticles with good optical properties, but it involves
complex steps and requires the use of organic additives such as oleic
acid and octadecene for the formation of spherical shapes in almost all
cases [22–25]. The hydrothermal method yields a variety of morphol-
ogies and sizes by controlling synthesis parameters such as surfactants,
pH, temperature, reaction time, and fluoride sources. The pH has an

https://doi.org/10.1016/j.materresbull.2019.110531
Received 5 December 2018; Received in revised form 20 May 2019; Accepted 26 June 2019

⁎ Corresponding author.
E-mail address: angarciam@ipn.mx (A. García Murillo).

Materials Research Bulletin 119 (2019) 110531

Available online 26 June 2019
0025-5408/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2019.110531
https://doi.org/10.1016/j.materresbull.2019.110531
mailto:angarciam@ipn.mx
https://doi.org/10.1016/j.materresbull.2019.110531
http://crossmark.crossref.org/dialog/?doi=10.1016/j.materresbull.2019.110531&domain=pdf


enormous influence on the final product. It has been demonstrated that
at low pH (<2), the crystalline structure corresponds to the orthor-
hombic phase of YF3 with an octahedral shape [26–28]. A further in-
crease of pH (> 3) promotes the formation of a β-NaYF4 structure with
size-tuned microrods or microtubes [29–31]. Moreover, if organic ad-
ditives such as citric acid, CTAB, or EDTA are added to the precursor
solution and the pH is varied in the range of 5–11, hexagonal micro-
prisms or microplates of NaYF4 can be obtained [27,32,33]. The in-
fluence of surfactants and pH on morphology is due to the selective
adhesion of such molecules to specific crystal facets, which can influ-
ence the growth rate in a preferential direction. Jiao et al. [31] studied
the effect of NH4OH (as a pH modifier) on the morphology and lumi-
nescent properties of NaYF4:Yb3+,Er3+ phosphors and found that an
increase of pH from 3 to 11 decreased the diameter and length of mi-
crorods. This was caused by the adsorption of NH4

+ ions on different
crystal facets, and the green up-conversion emission was considerably
reduced. Furthermore, highly alkaline conditions of synthesis (pH va-
lues above 10) produces phosphors with excess of OH- groups on their
surface, those groups can absorb the IR excitation energy, restricting
the absorption of lanthanide dopants, which in turn, quenches their
emission [34]. However, a careful addition of OH groups during the
synthesis of NaYF4:Yb3+,Tm3+ phosphors could diminish their UV-VIS
emission while enhancing their emission at 800 nm. For this purpose,
we studied in this work the effect of NaOH as a surface modifier on the
morphology, size, and luminescent properties of NaYF4:Yb3+,Tm3+

phosphors. We synthesized this material without the use of organic
additives or surfactants, which reduced the complexity of the synthesis
process. Interestingly, an increase of the NaOH concentration produced
a decrease in the VIS emission while the NIR emission at 805 nm is
maintained. This effect has not been observed before to the best of our
knowledge. The pure emission at 805 nm obtained in the NaY-
F4:Yb3+,Tm3+ phosphors could pave the way for the development of
solid state lasers that can be employed for phototherapy and biomedical
applications [35,36].

2. Experimental

2.1. Materials

All chemicals were used as received without further purification.
Sodium fluoride (NaF, 99%), yttrium (III) chloride hexahydrate
(YCl3·6H2O, 99.99%), ytterbium (III) chloride hexahydrate
(YbCl3·6H2O, 99.99%) and thulium (III) chloride hexahydrate
(TmCl3·6H2O, 99.99%) were purchased from Aldrich. Ethylene glycol
(EG) (C2H6O2; 99.8%), sodium hydroxide (NaOH 98.6%) and ethanol
(C2H6O, 99.9%) were supplied by Fermont.

2.2. Hydrothermal synthesis of NaYF4:Yb3+,Tm3+phosphors

Yb3+, Tm3+ co-doped NaYF4 powders were prepared by the hy-
drothermal process in a miniclave drive Büchi AG. The autoclave was
equipped with a reactor vessel (type 3E with a 100-ml capacity), an
internal magnetic stirrer, a pressure controller (up to 60 bar) and a
temperature controller. In a typical synthesis, 8 mmol of NaF were
dissolved in 7mL of distilled water and 5mL of EG under vigorous

stirring. After this, the rare earths were added to the solution in such a
way that concentration of 20 at. % and 1 at. % is obtained for Yb and
Tm ions, respectively. Afterwards, 4 mL of a NaOH solution (with molar
concentrations from 0 to 2M) was added as pH modifier. Next, 10.5mL
of ethanol and distilled water were added to reach a total volume of
40ml. This mixture was stirred at room temperature for 2 h and then
transferred to the autoclave and heated at 180 °C for 14 h under vig-
orous stirring and a fixed pressure of 30 bar under a nitrogen atmo-
sphere. After cooling down to room temperature, the precipitate was
separated by centrifugation, washed with ethanol and distilled water
several times, and dried at 90 °C for 12 h. Five samples doped with Tm
and Yb were prepared using molar concentrations of 0M, 0.3M, 0.6M,
1M, and 2M for the aqueous solution of NaOH, and these samples were
named Y0, Y0.3, Y0.6, Y1 and Y2, respectively. For structural com-
parison purposes, an undoped NaYF4 sample was also synthesized
without NaOH (see Table 1).

2.3. Structural and morphological characterization

The X-ray diffraction patterns for the samples was obtained in re-
flective mode using a Bruker eco D8 ADVANCE diffractometer with Ni-
filtered Cu Kα1 radiation (λ=0.15406 nm). Diffraction angles (2θ) in
the 10°–70° range were analyzed at a step size of 0.02°-seg−1. The
morphology of the samples was obtained with a scanning electron mi-
croscope (JEOL JSM-6390LV) and electron dispersion spectroscopy
(EDS) analysis was done with an Oxford Instruments detector. Finally,
High resolution images were obtained by using a Transmission Electron
Microscope (JEM ARM 200 F). This analysis was achieved to observe
the crystallite size in the NaYF4 powders.

2.4. Optical characterization

FTIR measurements were performed on a Perkin Elmer 2000 spec-
trometer, using the KBr pellet method. For all measurements, the
spectra were recorded from 4000 to 400 cm−1. Photoluminescence
measurements were performed using a spectrofluorometer Shimadzu
RF6000 and a diode laser (λemis= 980 nm) as a pumping source.

3. Results and discussion

3.1. Structural analysis

The XRD patterns of the samples synthesized with different NaOH
concentrations are depicted in Fig. 1A(b–f). The diffraction peaks match
the hexagonal pure phase of NaYF4 (JCPDS No. 28-1192), and no im-
purities were observed. For comparison purposes, the XRD pattern of
the undoped NaYF4 sample is also included (Fig. 1 A(a)). As observed,
there is no change of crystalline phase after incorporating the Yb3+,
Tm3+ dopants in the NaYF4 matrix (compare Fig. 1A(a) with
Fig. 1A(b–f)). This suggests that Yb3+ and Tm3+ ions have substituted
the Y3+ ions successfully and this was due to the similarity among the
ionic radii of the cations Yb3+ (0.86 Å), Tm3+ (0.87 Å), and Y3+

(0.89 Å) [37]. However, several structural changes were detected when
the NaOH concentration was varied during the synthesis process at a
pressure of 30 bar in a nitrogen atmosphere, as showed in Fig. 1A(b–f).

Table 1
Refined Rietveld parameters of NaYF4: Yb3+,Tm3+ powders.

Sample no-doped NaYF4 sample Y0 Y0.3 Y0.6 Y1 Y2

a (nm) 0.5999(5) 0.5970(4) 0.5990(5) 0.6025(8) 0.6116(5) 0.6183(6)
c (nm) 0.3532(3) 0.3517(2) 0.3521(3) 0.3537(4) 0.3545(2) 0.3549(2)
Cell volume (A3) 110.08 108.95 109.44 111.22 114.86 117.2
Crystallite size (nm) (100) 147 ± 6 138 ± 10 151 ± 16 157 ± 20 163 ± 10 177 ± 13
Rwp 5.24 4.23 4.37 5.04 4.84 4.42
X2 1.14 1.38 1.36 1.35 1.39 1.45
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As the NaOH concentration increased from 0 to 2M, the relative in-
tensities of the (110), (101), (300) and (201) diffraction peaks were
reduced significantly. Ding et al. [30] reported similar results when the
pH was varied from 7 to 11, and they observed a change of morphology.
A more careful examination of the XRD diffraction patterns reveals that
the increase of the NaOH content caused a shift toward lower angles for
the diffraction peaks (110) and (100), indicating an expansion of the
crystal lattice. Such expansion could be caused by the incorporation
(trapping) of the Y(OH)3 complexes and OH- ligands into the NaYF4
matrix [38]. This is possible because the hydrothermal reaction pro-
motes the formation of growth units (Ln(OH)3 where Ln=Y, Yb or Tm)
for the NaYF4 crystal through the attraction of a cation (Y3+) and OH-
radicals (whose source is NaOH), therefore, some Y(OH)3 complexes
and OH- ligands could be trapped into the crystal, producing an ex-
pansion of the crystalline network, see Figs. 1A(b–f). In fact, the

presence of the band at 3626 cm−1 in the FTIR spectrum of Fig. 2 (see
samples Y1 and Y2) confirms the presence of Ln(OH)3 complexes
[39–41]. Additionally, the lattice parameters of the hexagonal Y(OH)3
(a =6.2410 Å, c =3.5690 Å) are larger than these for NaYF4 (a
=5.960 Å, c =3.510 Å) [42] then, the presence of trapped Y(OH)3 into
the NaYF4 crystal could produce the expansion of the crystalline net-
work and the shift of the diffraction peaks toward lower angles as ob-
served in Fig. 1A.

There is still controversy concerning the real space group for hex-
agonal NaYF4, since it could be P 6̄ or P63/m. The space group P 6̄
contain three cation sites: one occupied by Ln3+ cations (1a site), one
randomly occupied by Ln3+ and Na+ cations (1f site), and one occupied
by Na+ cations (2 h site) [43]. The gagarinite structure with space group
P63/m contains two cation sites, one occupied by Na+ cations (2b sites)
and the other randomly occupied by Ln3+ and Na+ (2c site) [19]. It is
difficult to distinguish from our XRD patterns the type of space group
for our case. Typically, there is a peak at 2θ=25.4° (plane (001)),
which is attributed to the P 6̄ space group [18,43,44]. However, that
peak is not observed in the XRD patterns. Furthermore, previous reports
suggest that the hexagonal Na1.5Ln1.5F6 structures obtained at low
temperatures are associated with the P 6̄ space group when Ln=La, Ce,
Pr, Nd, Eu, Gd, Tb, Ho, and Er, while for Ln=Y, Sm, and Tm, the space
group is P63/m [18,43]. Finally, Hirsh et al. [45] has recently con-
firmed through solid-state nuclear magnetic resonance (SSNMR) that
hexagonal NaYF4 crystallizes in a P63/m structure. Thus, a hexagonal
structural model, P63/mm (#176), with starting values of a= 0.596 nm
and c= 0.351 nm and atomic positions adopted from the original ga-
garinite crystalline structure published by Sobolev et al. [19] were used
for full Rietveld refinement of the X ray diffraction patterns. The soft-
ware used for this refinement was Profex 3.9.2 [46]. The refined
parameters were fitted by a Lagrangian polynomial of the sixth order.
The zero offset and correction of the sample displacement, lattice
parameters, temperature factors were fitted using the anisotropic
Debye-Waller-factor. The scale factor was fixed using a spheric har-
monic function of the fourth order and anisotropic conditions were
applied to calculate the crystallite size, which was multiplied by a
factor of 4/3, due to the presence of spherical, needles and rod particles

Fig. 1. A(a) XRD patterns for the undoped
NaYF4 powder, A(b–f): XRD patterns for the
NaYF4:Yb3+,Tm3+ samples prepared with dif-
ferent NaOH concentrations. Fig. 1B shows the
Rietveld fits of all NaYF4:Yb3+,Tm3+ samples
with different NaOH content. The standard
data for hexagonal NaYF4 (JCPDS # 28–1192)
is also shown for reference.

Fig. 2. FTIR spectra of the NaYF4:Yb3+,Tm3+ powders at different NaOH
concentrations: (a) 0M, (b) 0.3M, (c) 0.6M, (d) 1M, and (e) 2M.
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[47]. For reference purposes, the Wyckoff positions and the tempera-
ture factors are presented in tables S1-S3 in supporting information.
The XRD profiles obtained after the Rietveld refinements are shown in
Fig. 1B for all the samples synthesized with different NaOH con-
centrations. The graphs include the observed, calculated, difference and
the Bragg position. The refined parameters for all of the samples are
listed in Table 1. In this table, the numbers in parentheses indicate the
error bars value in the fourth digit of the cell parameter values. High-
quality data were obtained because X2< 1.5%. Basically, the Rietveld
refinements showed that the lattice parameters a and c increased from
0.597 to 0.618 nm and from 0.351 to 0.354 nm, respectively. As the
NaOH concentration increased from 0 to 2M, an expansion in the vo-
lume cell occurred, from 110 to 117 A3. Finally, the crystallite size was
also increased at about 30 nm after increasing the concentration of
NaOH from 0 to 2M, see Table 1.

3.2. FTIR analysis

FTIR spectroscopy was used to find impurities on the surface of
NaYF4 phosphors (see Fig. 2). When no NaOH is present in the pre-
cursor solution (sample Y0), a spectrum with very low OH content is
obtained, see the small shoulder centered at 3400 cm−1. For NaOH
concentrations from 0.3 to 2M (Y0.3 to Y2), a narrow absorption band
centered at 3626 cm−1 was attributed to the Ln(OeH) stretching vi-
brations while the wide band centered at 3423 cm−1 is attributed to OH
groups [39–41]. Although the presence of this peak suggests the for-
mation of Ln(OH)3, this compound was not observed in our XRD pat-
terns. This indicates that we do not have a mixture of phases for NaYF4
and Ln(OH)3 as previously observed by H. Jiang [48] et al. Further, the
bands centered at 1526 and 1407 cm−1 can be assigned to the asym-
metrical (υas) and symmetrical (υs) vibration of COO- groups [49].
Absorption bands around 773–747 cm−1 are associated to the out-of-
plane deformation of OeH groups, δ(OH) [39,50]. The position of this
band shifts to lower frequencies as the content of OH- groups increases;
this is due to the strength of the hydrogen bond – the stronger the
hydrogen bond is, the higher the wavenumber [49]. In general, the
content of hydroxyl groups (OH-) increases on the surface of NaYF4
phosphors as the NaOH concentration increases.

3.3. Morphology evolution as a function of NaOH concentration

The morphological evolution of NaYF4 powders as a function of
NaOH concentration was observed through the use of SEM images (see
Fig. 3). Small and quasi-spherical particles were obtained in the sample
Y0 synthesized without NaOH, see Fig. 3a. The formation of micro-
needles begins when the NaOH concentration reaches 0.3 M, as ob-
served in Fig. 3b. The needle-like morphology can be attributed to the
agglomeration of the small particles formed prior to the addition of
NaOH in the precursor solution. This morphology is similar to that
reported by Wang et al. [51]. For the NaOH concentrations from 0.6M
to 1M, a mixture of microneedles and microrods is present (see Figs. 3c
and 3d). It is well known that the surface features of the hexagonal
prism of NaYF4 are {0001} for the top and bottom planes (hexagonal
base) as well as (101̄0), (1̄010), (01̄10), (011̄0), (11̄00), and (1̄100) [33] for
the other six side planes in the hexagonal crystal. We expect that a
continuous increase of OH groups (as confirmed by FTIR spectra) pro-
vokes a higher presence of these groups in the side planes, allowing a
preferential growing in the {0001} direction, this in turn, would allow
the formation of more microrods and microneedles as the content of
NaOH increases. Finally, when the NaOH concentration is 2M, most of
microneedles have transformed to microrods, and the increase in size is
more evident (see Fig. 3e). These changes in the morphology and size
are summarized in Table 2 for all the samples. Fig. 3f shows how the
length and width of the microneedles and microrods increases as the
NaOH concentration increases from 0 to 2M, this trend is in agreement
with the increase of crystallite size as demonstrated by the Rietveld

refinements. In addition, the inset in Fig. 3d shows a representative
TEM image of the Y1 sample (this sample presented the highest NIR
emission as explained in the next section), which confirm the mor-
phology of the smallest crystallites (a mixture of rods and rounded
particles) that coalesced to form the rods and the needles observed in
Fig. 3d for Y1. The average size of these growth units visualized by TEM
were ≈62 nm for the rounded particles and ≈147 ± 3 nm (length) for
the rod particles. This last value is slightly lower (≈10%) than that
obtained by Rietveld refinements (163 ± 10 nm). According to TEM
images (not shown here), the rest of samples: non doped, Y0, Y0.3, Y0.6
and Y2 had an average crystallite size of 165, 122, 130, 134 and
155 ± 3 nm, respectively. Those crystallites also had a morphology
similar to that for Y1. Hence, the TEM analysis demonstrated that the
crystallite sizes are 10–20% higher than these calculated by Rietveld
refinements in Table 1. Fig. 4 shows an elemental mapping obtained
with energy dispersive spectroscopy for sample Y2. As observed, the
distribution of Na, Y, F and Yb elements is very homogeneous in the
sample. The Tm3+ ion could not be detected by this technique due to its
very low concentrations. Nevertheless, its presence in the NaYF4 host
was confirmed through the upconversion emission spectra presented in
Section 3.4.

3.4. Upconversion properties of NaYF4:Yb3+,Tm3+ phosphors

The up-conversion emission spectra of the NaYF4:Yb3+, Tm3+

powders under excitation at 980 nm are depicted in Fig. 5. The spectra
of samples Y0, Y0.3, and Y0.6 show the typical emission bands asso-
ciated with Tm3+ transitions: in the blue region, the 1D2→

3F4 (455 nm)
and 1G4→

3H6 (478 nm); in the red region, the 1G4→
3F4 (650 nm) and

3F3→3H6 (700 nm); and the infrared region shows the 3H4→
3H6

(805 nm) transition [52]. The blue emission centered at 478 nm reaches
a maximum for a NaOH concentration of 0.6M. The emission intensity
ratios for the samples Y0.3 and Y0.6 with respect to the sample Y0
(IY0.3/IY0 and IY0.6/IY0) are 2 and 2.7, respectively. The increase of that
ratio by 0.7 indicates a stronger blue emission for Y0.6 and could be
directly related to the change in morphology from spherical to micro-
needles particles. Such a change promotes less agglomeration and leads
to a higher surface-to-volume ratio, enhancing the 1G4→

3H6 transitions.
In fact, Jiao et al. found that spherical and needle nanoparticles have a
lower concentration of dopant ions on the surface in comparison with
rod nanoparticles [31]. This could explain why the blue emission was
higher in the sample Y0.6 with respect to Y0 and Y0.3, since sample
Y0.6 had a higher content of rods than Y0 and Y0.3. The samples Y1
and Y2 only showed emission at 805 nm, see Fig. 5. The absence of the
visible bands in these last samples highlight their capability to be used
as an active media in solid state laser at 805 nm for photoimaging and
phototherapy applications because there is a clean IR emission with no
presence of visible light, thus, no UV and visible filters are needed for
the construction of a NIR laser [17]. The inset in Fig. 5 shows the in-
tegrated area of the infrared emission at 805 nm as a function of the
NaOH concentration. The maximum NIR intensity was observed in
sample Y0.3. Table 3 shows the experimental branching ratios which
describe the spectral distribution of the NIR and visible emissions of
Tm3+ ions. These ratios are the percentage of emission corresponding
to each observed transition and consider that the sum of all the energies
associated to all the transitions is 100%. These values were calculated
as reported by J. Juarez et al. [53] by taking the integrated intensity
ratios of each transition. As observed, the branching ratios for the
3H4→

3H6 (805 nm) is the 100% for samples Y1 and Y2. This means that
these samples can emit only NIR light at 805 nm without visible
emission. This support their use for biomedical and phototherapy ap-
plications.

Fig. 6 presents an energy level diagram of Yb3+ and Tm3+ ions to
explain the mechanism involved in the VIS and NIR light emissions.
First, the photons of 980 nm are absorbed only by the Yb3+ ions oc-
cupying the 2F5/2 level; from this state, the energy is transferred (ET) to
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populate the 3H5, 3F2 and 1G4 energy levels of Tm3+ via two-, three-,
and four-photon processes, respectively, as previously reported [54].
The two-photon processes involve non-radiative relaxation from the 3F2
level to populate the 3F3 and 3H4 levels, from which the 700 nm and
805 nm emissions are generated. The three-photon processes involve
the population of the 1G4 state, from here, a radiative relaxation to the
3F4 and 3H6 levels occurs to produce the red and blue light emissions.
Finally, the 1D2 energy state is populated via four-photon processes to
produce the emission at 455 nm after relaxation to the 3F4 level. In the
case of samples Y1 and Y2, only the 3H4→

3H6 (805 nm) transition took

place. This exclusive NIR emission can be explained as follows: The
energy gap between the 3F2 and 3H4 levels is at about 3700 cm−1 which
corresponds to the phonon absorption of OH groups (see Fig. 2), thus, it
is more probable that the energy is absorbed by the OH groups before
the three and four photon process happens, quenching the visible
emission but not the NIR. This behavior has been previously observed
in fluoride and phosphate based phosphors [34,55]. In other words, the
OH groups quench the visible emission of Tm3+ ions by increasing the
multi-phonon relaxation from the 3F2, 3F3 levels toward the 3H4 state.
According to the FTIR spectra in Fig. 2, the Y1 and Y2 samples had the
highest concentration of OH groups, which increased the probability of
the phononic relaxation mentioned above to produce only emission at
805 nm. Another reason for the quenching of the visible emission could
be the transition from needle-like to rod-like morphology. As observed
in Table 2, the increase of NaOH concentration from 0.3 to 2M pro-
duced a change of morphology from needles to rods and increases the
microrod percentage in the samples (from 20% in Y0.6 to 70% in Y2).
Hence, the NIR emission is exclusively observed in samples with mi-
crorods concentrations above 70%.

The pure NIR emission observed at 805 nm for the Y1 and Y2
samples was obtained by using a simple hydrothermal method and
without the need of surfactants. Other works used complex methods of
synthesis and obtained a mixture of visible and NIR emissions. For
example, D. Avramet al. [56] reported a pure 800 nm emission with Tm
doped CeO2 host after exciting the charge transfer band at 355 nm.

Fig. 3. SEM images of the prepared NaYF4:Yb3+,Tm3+ powders at different NaOH concentrations: (a) 0 M, (b) 0.3M, (c) 0.6M, (d) 1M, and (e) 2M. (f) shows how
the sizes of the rods increase as a function of the NaOH concentration. The inset in 3 (d) shows a TEM image of sample Y1.

Table 2
Synthesis parameters, morphology, and sizes of the NaYF4:Yb3+,Tm3+ pow-
ders.

Size

Sample NaOH
(M)

Shape Length(μm) Diameter(nm)

Y0 0 Spheres – 172 ± 24
Y0.3 0.3 Needles 1.23 ± 0.38 184 ± 32
Y0.6 0.6 Needles (≈80%) microrods

(≈20%)
1.41 ± 0.5 206 ± 37

Y1 1 Needles (≈30%) microrods
(≈70%)

1.9 ± 0.35 230 ± 18

Y2 2 microrods 4.36 ± 1.12 375 ± 42

J. Reyes Miranda, et al. Materials Research Bulletin 119 (2019) 110531

5



However, the use of UV light as excitation source discards the use of
this material for biomedical applications. Wang et al. [57] reported the
synthesis of La2O2S:Tm/Yb by the hydrothermal method with an ad-
ditional annealing treatment at 1200 °C to obtain the upconversion
emission. They obtained a high NIR emission (802 nm) upon excitation
at 978 nm but the overall emission was not 100% NIR due to the pre-
sence of a blue emission centered at 477 nm. Further, Wang et al. [58]
enhanced the 800 nm emission of Yb, Tm, Ho co-doped NaYF4 powders,
the Ho3+ ions work as a second sensitizer of the NIR emission, how-
ever, this emission was accompanied by strong UV and VIS light. As
mentioned before, the UV exiting light it is not desired by biological
application because produces the autoflourescence of the biological
tissues. Thus, the controlled incorporation of OH groups on the NaYF4
surface as demonstrated in this work, allows a pure 805 nm NIR emis-
sion. In a real application, The first step toward phototherapy and

Fig. 4. Elemental mapping of sample Y2 using energy dispersive spectroscopy.

Fig. 5. Upconversion spectra of NaYF4:Yb3+,Tm3+ powders upon 980 nm ex-
citation. The inset shows the integrated area of the band at 805 nm as function
of the NaOH concentration.

Table 3
Branching ratios (%) for the Tm3+ transition in NaYF4 powders.

sample Tm transitions

1D2→
3F4 1G4→

3H6
1G4→

3F4 3F3→3H6
3H4→

3H6

Y0 0,42 3,47 0,93 1,54 93,64
Y0,3 0,72 6,51 1,68 2,48 88,62
Y0,6 0,62 9,34 1,86 3,51 84,68
Y1 0,00 0,00 0,00 0,00 100,00
Y2 0,00 0,00 0,00 0,00 100,00

Fig. 6. Schematic energy-level diagram for the mechanism of emission in
NaYF4:Yb3+, Tm3+ powders.
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biomedical treatments would be the fabrication of a solid NIR laser with
emission at 805 nm using the NaYF4:Yb,Tm powders. Subsequently, this
laser could be used to slowly burn single scars with a daily treatment or
to eliminate carcinoma cells in the gingival mucosa with phototherapy
[59,60]. Another application could be phototherapy with a 805 nm
laser to eliminate the Squamous cell carcinoma in the oral cavity of
infected patients [61].

4. Conclusions

The morphology of hexagonal Yb,Tm co-doped NaYF4 powders
changed from spheres to needles and from needles to rods by changing
the NaOH concentration in the solution used for the hydrothermal
synthesis. Also, a continuous increase of the NaOH concentration did
not change the hexagonal phase of NaYF4 powders but increased their
cell parameters, causing an expansion of the crystal lattice. This fact
demonstrates the stability of our crystalline system. The luminescent
properties of the powders were influenced by the content OH groups,
which were introduced in the material through the use of NaOH. For
NaOH concentrations from 0 to 0.6M, the overall emission presents
blue and NIR components. When the NaOH concentration is above 1M,
only a NIR emission centered at 805 nm is produced. This NIR pure
emission is produced because the excess of OH groups on the surface of
NaYF4 samples avoids the consecutive three and four photon absorption
processes from Yb ions, and this occurred by promoting the non-ra-
diative relaxations between the 3F2 and 3H4 levels. Another important
finding is the fact that the transition from needle- to microrod-like
morphology favored the quenching of the visible emission while
maintaining a strong NIR emission at 805 nm. Hence, this work shows a
new strategy to produce NaYF4 powders with solely NIR emission,
which can be potentially useful for the fabrication of NIR lasers that can
be employed in biomedical research or phototherapy.
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