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Synthesis of 10 nm b-NaYF4 :Yb,Er/NaYF4 Core/Shell Upconversion
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Abstract: A new method is presented for preparing gram
amounts of very small core/shell upconversion nanocrystals
without additional codoping of the particles. First, ca. 5 nm b-
NaYF4 :Yb,Er core particles are formed by the reaction of
sodium oleate, rare-earth oleate, and ammonium fluoride,
thereby making use of the fact that a high ratio of sodium to
rare-earth ions promotes the nucleation of a large number of b-
phase seeds. Thereafter, a 2 nm thick NaYF4 shell is formed by
using 3–4 nm particles of a-NaYF4 as a single-source precursor
for the b-phase shell material. In contrast to the core particles,
however, these a-phase particles are prepared with a low ratio
of sodium to rare-earth ions, which efficiently suppresses an
undesired nucleation of b-NaYF4 particles during shell growth.

In recent years, numerous research papers have been
published on the synthesis of upconversion nanocrystals for
applications in biological labeling, sensing and imaging,[1–3]

photodynamic therapy,[3] spectral conversion in solar
cells,[1,4, 11] 3D optical displays,[1] optical storage,[1, 5] lasers,[6]

and security printing.[1, 7] The extensive literature on the
synthesis, properties, and applications of NaREF4 nanocrys-
tals (RE = rare-earth) has already been summarized in
several review articles.[1, 2c,3b,c,4b, 8] Solvent-dispersible
NaREF4 nanocrystals with controlled size, shape, and capping
ligands have in fact been prepared by a variety of synthetic
procedures, including thermal decomposition,[9] co-precipita-
tion,[4a, 10,11] and solvothermal methods.[2b, 12] For biolabeling
and imaging applications, however, nanocrystals with small
size are preferred.[13] NaREF4 nanocrystals with a mean size
of about 5 nm and a narrow size distribution can in fact be
synthesized for all rare-earth ions by heating sodium oleate,
rare-earth oleate, and a fluoride source like NH4F in solutions
containing oleic acid to 200–290 88C. This reaction yields
particles of the more preferred hexagonal b-phase, however,
only for rare-earth ions of group I (RE = La, Ce, Nd, Pr)[14]

and group II (RE = Sm, Eu, Gd, Tb),[15] whereas the small
particles obtained for group III elements (RE = Y, Ho, Er,
Tm, Yb, Lu) usually consist of the cubic a-phase. In the latter
case, particles of the b-phase can be prepared by increasing
the temperatures to 300–320 88C (in oleic acid containing
solutions), but the size of the resulting particles is usually
much larger than 5 nm. To reduce the size of NaYF4 :Yb,Er
upconversion particles, additional co-doping with group II

elements like gadolinium has been suggested by several
groups.[16]

Until now, however, only two protocols exist for the
preparation of nearly monodisperse 5 nm b-NaYF4 :Yb,Er
upconversion particles without additional doping.[11] In one of
these methods the Na/Y ratio is varied to affect the nucleation
of b-phase seeds:[11b] If a low ratio of sodium oleate to yttrium
oleate is used in the synthesis of the a-phase particles, heating
at higher temperatures yields b-phase particles of large size,
showing that only a small number of b-phase seeds were
formed. When the Na/Y ratio is increased, however, the
number of b-phase seeds also increases, leading to b-
NaYF4 :Yb,Er particles with smaller sizes down to 5 nm.
Nanocrystals in this size regime, however, show high lumi-
nescence quantum yields only if a shell or a surface layer of
a suitable material reduces luminescence quenching at the
particle surface. In the case of b-NaYF4 :Yb,Er upconversion
particles, undoped NaYF4 is the standard shell material for
this purpose although other NaREF4 materials have also been
proposed.[9f, 10a] The deposition of a NaREF4 shell consisting of
a group III element like yttrium, however, is complicated by
the fact that a-phase particles of the shell material are formed
as the first product. Shell growth is then only possible at
temperatures where these initially formed a-phase particles
dissolve again. Since the material thereby released must react
with the surface of the core particles, the reaction conditions
must be carefully chosen in order to avoid the nucleation of
new b-phase particles of pure shell material. In the work
presented here, this is achieved by using different ratios of
sodium oleate to yttrium oleate in the synthesis of the core
and the shell material. The b-NaYF4 :Yb,Er core particles are
synthesized with a high ratio of sodium to rare-earth ions
resulting in nucleation of a large number of very small
upconversion particles with a size of only ca. 5 nm. The small
a-NaYF4 particles used as precursors for growing the NaYF4

shell, however, are prepared with a low Na/Y ratio, in order to
prevent the nucleation of new particles. Since the procedure
involves neither the dropwise addition nor the rapid mixing of
components at high temperature, rather large amounts of
10 nm core/shell upconversion particles with a core size of
only ca. 5 nm can be prepared.

The b-NaYF4 :Yb,Er core particles are prepared by
heating sodium oleate, rare-earth oleate, and NH4F in
a molar ratio of 8:1:11 in oleic acid/octadecene at 300 88C.
The XRD data of samples drawn at different times of heating
show that 3–4 nm particles of the cubic a-phase are formed as
an intermediate product (Figure 1). In contrast to our
previously published procedure the intermediately formed
NaYF4 :Yb,Er particles of the cubic a-phase were not isolated
and redispersed in fresh solvent prior to conversion to the b-
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phase. Nevertheless, both procedures yield b-NaYF4 :Yb,Er
particles of the same small size of ca. 5 nm and in both cases
the conversion to b-phase particles is completed within
40 minutes (Figure 1). When heating is stopped just after
full conversion is achieved, the ca. 5 nm b-NaYF4 :Yb,Er
particles retain their narrow size distribution as shown in the
TEM image in Figure 2a (HRTEM images in Figure S1). The
small size of the b-phase particles shows that a large number
of b-phase seeds must have formed during the reaction.

A different growth dynamic is observed, however, when
the 3–4 nm a-phase particles are prepared with a molar ratio
of 2:1:5 (sodium oleate/rare-earth oleates/NH4F). When these
a-phase particles are redispersed in new solvent and heated at
300 88C, complete conversion to b-NaYF4 particles is observed,
but the size of the final b-phase particles is 42 nm instead of
ca. 5 nm (Figure 2c). This much larger particle size confirms
our earlier studies showing that significantly fewer b-phase
seeds are formed when the a-phase precursor particles are
prepared with a low molar ratio of sodium to rare-earth
metal.[11b,17] Furthermore, the conversion to the b-phase
proceeds much slower in this case. The latter is shown in
Figure 3, which displays the fraction of a-phase material
present at different stages of heating at 300 88C (black
squares). The molar fractions of a-phase and b-phase material
were determined by removing samples from the reaction
mixture, precipitating the nanocrystals, and performing
a Rietveld analysis of their XRD data (see Figures S2–S4 in
the Supporting Information). For comparison, Figure 3 also
includes the conversion curve of redispersed a-phase particles
which are prepared with a molar ratio of 8:1:11 (black dots).
The plot shows that the conversion of these particles to the b-
phase is already completed before the conversion of a-phase

Figure 1. Formation of ca. 5 nm b-phase NaYF4 :Yb,Er nanoparticles at
300 88C in oleic acid/octadecene by the reaction of sodium oleate, rare-
earth oleate, and NH4F in a molar ratio of 8:1:11. The chart displays
the X-ray powder diffraction (XRD) data of samples drawn at different
stages of the reaction at 300 88C. Rietveld refinements of the data sets
are included (solid lines). Small NaYF4 :Yb,Er particles of the cubic a-
phase are formed as the first product. Vertical lines correspond to the
reference data of NaYF4. Gray: cubic a-phase, PDF No. 01-077-2042;
black: hexagonal b-phase, PDF No. 00-016-0334.

Figure 2. TEM images of a) ca. 5 nm b-NaYF4 :Yb,Er core particles,
b) 10 nm b-NaYF4 :Yb,Er/b-NaYF4 core/shell particles, prepared from
the ca. 5 nm core particles, and c) 42 nm b-NaYF4 particles obtained
by heating the a-phase NaYF4 precursor particles for the shell in the
absence of core particles. d) Size histograms of (a), (b), and (c)
showing standard deviations (s/<d>) of 5.5%, 4.5%, and 3.9%,
respectively.

Figure 3. Conversion of a-phase particles to b-phase particles during
heating at 300 88C in oleic acid/octadecene. The graphs show the molar
fraction of a-phase material remaining after different times of heating,
as derived from XRD data. (*) Fast conversion of redispersed a-
NaYF4 :Yb,Er particles prepared with sodium oleate, rare-earth oleate,
and NH4F in a molar ratio of 8:1:11. (&) Delayed conversion of a-
NaYF4 particles prepared with a molar ratio of 2:1:5. (*) Fast
conversion, when the a-NaYF4 particles prepared with a molar ratio of
2:1:5 are heated in the presence of ca. 5 nm b-NaYF4 :Yb,Er core
particles. This reaction yields core/shell particles.
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particles prepared with a ratio of 2:1:5 has even started (black
squares).

The key idea now is to use a-phase particles prepared with
a ratio of 2:1:5 as a single-source precursor for the shell,
because they form undesired b-phase particles of pure shell
material only after prolonged heating. The core/shell particles
are thus prepared by synthesizing 3–4 nm a-NaYF4 particles
with a molar ratio of 2:1:5, redispersing these particles
together with ca. 5 nm b-NaYF4 :Yb,Er core particles in new
solvent and heating this colloidal mixture to 300 88C. Figure 3
shows that in the presence of the ca. 5 nm b-NaYF4 :Yb,Er
particles the molar fraction of a-phase material decreases
much faster than without them. The faster conversion to the
b-phase indicates again that the b-phase particles act as seeds
rapidly consuming the ions released by the dissolving a-phase
particles.[18] This is further confirmed by the final particle sizes
obtained. The TEM images show that in the presence of the
ca. 5 nm b-NaYF4 :Yb,Er core particles (Figure 2a), the a-
NaYF4 particles form particles with a mean size of ca. 10 nm
instead of 42 nm (Figure 2b,c). Since the b-NaYF4 :Yb,Er core
and the a-NaYF4 shell material were used in a molar ratio of
1:3.5, the shell is expected to increase the volume of each core
particle by a factor of 4.5 and their diameter by the cubic root
of this factor, i.e., by 4.51/3 = 1.65. From the size histograms in
Figure 2d, mean diameters <d> and standard deviations (s/
<d>) of 5.5 nm � 5.5%, 9.8 nm � 4.5%, and 42 nm � 3.9%
are calculated for the core particles, core/shell particles, and
the larger particles of pure b-NaYF4 shell material, respec-
tively. The NaYF4 shell should therefore increase the size of
the NaYF4 :Yb,Er core particles from 5.5 nm to 5.5 ×
1.65 nm = 9.1 nm, in good agreement with the measured
value of 9.8 nm. Moreover, the size histograms and the TEM
images show narrow size distributions in all cases, in accord
with theory.[18] A schematic drawing of the formation of the
core/shell particles is given in Figure S5 in the Supporting
Information as well as additional overview TEM images used
for the histograms (Figure S6).

Upon excitation at 978 nm, the Yb,Er-doped samples
display the characteristic two-photon upconversion emission
in the green and red spectral region along with some weak
emission in the blue caused by the corresponding three-
photon process (Figure S7). In Figure 4, the upconversion
intensities of our samples are compared with the emission of
bulk material, i.e., microcrystalline b-NaYF4 :Yb,Er UC
phosphor powder. Within our range of excitation densities,
double-logarithmic plots of the combined intensity of the red
and green emissions versus the excitation density yields
straight lines with a slope of 2 for all samples. Similar to
results published by other groups,[9d–f, 11a, 19] the upconversion
intensity of NaYF4 :Yb,Er nanoparticles strongly depends on
the particle size and the core/shell structure. As expected, the
lowest upconversion efficiency is observed for the ca. 5 nm
NaYF4 :Yb,Er core particles, because of their large surface-to-
bulk ratio. Smaller particles require a smaller number of
energy transfer steps between adjacent dopant ions to reach
the surface where radiationless deactivation of the excitation
energy is likely to take place. Moreover, a higher fraction of
erbium ions is located at surface sites where their emission is
easily quenched. The ca. 5 nm core particles therefore show

160 000 times weaker luminescence than the bulk material.
The approximately 2 nm thick shell increases the upconver-
sion efficiency of the particles by a factor of 160. Conse-
quently, the ca. 10 nm core/shell particles are approximately
1000 times less efficient than the bulk material. The optically
inactive NaYF4 shell material, however, dilutes the system by
a factor of 3.5 and therefore reduces the absorption of the
excitation light. The figure shows that the same dilution of the
bulk material with undoped NaYF4 (see Figures S8 and S9)
reduces the intensity of its upconversion emission by about
a factor of 2. Taking this factor into account, the core/shell
particles are still about 500 times less efficient than the bulk
material. In fact, core/shell upconversion particles show in
general a lower efficiency than the bulk material, even when
the particles are larger than those reported here. Boyer et al.,
for instance, reported on 30 nm core/shell particles with an
upconversion efficiency 10 times smaller than that of the bulk
material.[19a] From a more general point of view, however, the
low upconversion efficiency is somewhat surprising because
core/shell nanocrystals of semiconductors and other down-
conversion phosphors with comparable particle size show
quantum yields above 50 %.[20] It therefore appears possible
to still increase the efficiency of upconversion particles by one
to two orders of magnitude. This requires, however, that in
future work the loss mechanisms are identified that strongly
reduce the upconversion efficiency of b-NaYF4 :Yb,Er nano-
crystals.
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Figure 4. Double-logarithmic plots of the upconversion emission inten-
sity (green and red emission) versus excitation density (lexc = 978 nm)
for different powder samples: (&) bulk b-NaYF4 :Yb,Er, (&) bulk b-
NaYF4 :Yb,Er diluted with 3.5 times the amount of b-NaYF4, (*) 10 nm
b-NaYF4 :Yb,Er/b-NaYF4 core/shell particles, (*) ca. 5 nm b-NaYF4 :
Yb,Er core particles. The slope of all lines is 2.
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