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ABSTRACT Nanocrystals (NCs) doped with luminescent ions form an emerging
class of materials. In contrast to excitonic transitions in semiconductor NCs, the
optical transitions are localized and not affected by quantum confinement. The
radiative decay rates of the dopant emission in NCs are nevertheless different from
their bulk analogues due to photonic effects, and also the luminescence quantum
yield (QY, important for applications) is affected. In the past, different theoretical
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NGs, with little experimental validation. In this work we investigate the photonic effects on the radiative decay rate of luminescent doped NCs using 4 nm

LaPO, NCs doped with Ce*™ or Th*" ions in different refractive index solvents and bulk crystals. We demonstrate that the measured influence of the

refractive index on the radiative decay rate of the Ce>" emission, having near unity QY, is in excellent agreement with the theoretical nanocrystal-cavity

model. Furthermore, we show how the nanocrystal-cavity model can be used to quantify the nonunity QY of Th® "-doped LaP0, NCs and demonstrate that,

as a general rule, the QY is higher in media with higher refractive index.
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anocrystals (NCs) doped with lumi-

nescent ions are widely investigated

for application in biolabeling,'?
solar cells® nanothermometry,* lumines-
cent solar concentrators® or transparent
luminescent media.® The radiative decay
rate and luminescence quantum yield (QY)
of the dopant ions in the NCs are important
parameters for all these types of applica-
tions. For excitonic transitions in semicon-
ductor NCs (quantum dots), the emission
energy and radiative decay rate are con-
trolled by varying the size of the NCs as
these properties are influenced by quantum
confinement.” In contrast, the optical transi-
tions on dopant ions are localized and not
affected by quantum size effects. The radia-
tive decay rates of the dopant ions in the
NCs are nevertheless different from their
bulk analogues.® This difference originates
from photonic effects as described by
Fermi's golden rule and will also influence
the QY of doped NCs. There has been
extensive research on how the radiative
decay rate of a nanoscale emitter is con-
trolled by the photonic environment of the
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emitter. For example, complex photonic
structures like photonic crystals® and plas-
monic nanostructures'® have been used to
vary the local density of optical states
(LDOS), to which the radiative decay rate is
directly proportional. However, fundamen-
tal questions still remain even about the
correct model to describe the influence of
the simplest photonic environment: a
homogeneous dielectric medium.''~'*

According to Fermi's golden rule, the
radiative decay rate I, of an isolated electric
dipole luminescent emitter in a hypotheti-
cal homogeneous dielectric medium with
refractive index n is given by

T',(n) = Ton (1)

where n is the medium refractive index,
and Iy is the radiative decay rate in va-
cuum containing the electronic properties
(transition dipole moment) of the transition.
However, the dielectric surroundings of an
emitter can never be truly homogeneous.
For the case of doped NCs, it is evident that
the NC itself constitutes a region of space
with, in general, a different refractive index
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than the surrounding medium. But also if the emitter is
embedded directly in a dielectric medium (e.g., a dye
molecule in a solvent), the dielectric surroundings are
stillinhomogeneous at the atomic scale. To account for
these inhomogeneities, a local-field (LF) effect factor
% has to be introduced in eq 1:'°

T,(n) = Tony? )

The LF effect factor y represents the ratio between
the local electric field amplitude E,. of photon states at
the position of the emitter and the macroscopic elec-
tric field amplitude E,,.. According to Fermi's golden
rule, it is Ejo that couples to the transition dipole
moment of the emitter and in this manner affects the
experimentally observed decay rate of an excited state.

Various theoretical models have been derived
for the LF effect factor y (for recent reviews see refs
14 and 17). The most widely applied and discussed
models for y are the full-cavity model (eq 3) and empty-
cavity model (eq 4). In both models the emitter is
placed in a spherical cavity inside the medium. This
cavity has the size of the emitter (d ~ nm) and is
therefore small compared to the wavelength of the
relevant photon modes (1 ~ 100—1000 nm). This is
required for the quasistatic approximation to be valid.

The full- or virtual-cavity model can be applied to
interstitial impurities in crystals, i.e., the impurity is
placed in between medium atoms. Hence, the medium
around the emitter is not affected by its presence. In
the corresponding cavity model, the cavity has the
same refractive index as the surrounding medium. The
atoms inside the cavity however do not contribute to
the local electric field at the position of the emitter.'®
For this choice of cavity the radiative decay rate is
described by'®

2
2
T,(n) = Ton (” ;2> 3)

In contrast, the empty- or real-cavity model is used for
substitutional impurities, which means that an intrinsic
medium atom or molecule is replaced by an impurity. In
this case, the medium is expelled from the cavity and a
cavity refractive index of vacuum is assumed.'® For this
model the dependence of the radiative decay rate on
the refractive index is as follows:

2
3 2
I(n) = Ton <2nz”+1> (@)

It has been proposed that the LF effects for (doped)
NCs in various media should be explained with an
adapted case of the empty-cavity model.'”'%?° When
an emitter is situated in a NC, the NC expels intrinsic
medium (solvent or glass in which the NCs are
embedded) from the spherical cavity around the emit-
ter, so the empty-cavity model should apply. The
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refractive index of the NC is however not 1 and has
to be taken into account.'” As a consequence, the
vacuum cavity from the empty-cavity model has to
be replaced by a cavity with the refractive index of
the NC. This changes eq 4 to

(75
I.(n) = T'on| ——— (5)

2 2
2n? + njc

where nyc is the refractive index of the NC. This model
will be further referred to as the “nanocrystal”-cavity
model (NC-cavity model). As a side note, it should be
mentioned that in this case a second (and constant)
local field factor is hidden in Ty, reflecting the ratio
between the electric field averaged over the volume of
the NC and the field exactly at the position of the
emitter.?'

So far, experiments with doped NCs were analyzed
in terms eq 3 and 4,272 and therefore experimental
verification of the NC-cavity model is lacking. The
experiments required to verify the validity of the
various LF models are challenging, as one should be
able to change the dielectric medium (density of
optical states) without affecting the electronic proper-
ties of the emitter (contained in the parameter I'y).2®
Embedding ions or molecules in a different medium
usually influences the electronic ground and excited
states, thus changing the transition dipole moment,
and therefore I'o. Furthermore, for experimental access
to the radiative decay rate the luminescence QY of the
emitter needs to be close to 100% (or exactly known)
and the decay has to be single exponential.

In this work we investigate the local-field (LF) effects
(photonic effects) on the radiative decay rate for doped
NCs using LaPO, doped with Ce** and Th*" ions. We
compare results on doped LaPO,4 NCs (4 nm diameter,
15% polydispersity) in various solvents with doped
bulk LaPO,. For both Ce®>" and Tb3" the electronic
transitions involved are localized on the Ce" or Tb*"
ions and the immediate coordinating ligands. Because
of the crystallinity of the host material (LaPO,), the
symmetry and distances to the ligands are well-
defined and fixed, which ensures that the electronic
states of the emitter are unaffected (I'y is constant).
Hence, the radiative decay rates will only be influenced
by the photonic environment (refractive index), see
eq 3—5. We have recently also used this system to
study the photonic effects on the Forster resonance
energy transfer (FRET) rate.?’

We measure the decay dynamics of the Ce*" 4f°54"
— 4f' transition, which is parity allowed (ns decay), and
of the Tb®*™>D, — ’F, transitions, which are parity
forbidden (ms decay). Monoexponential decay curves
are measured for the Ce3"-doped NCs (QY close to
unity) and it is found that the radiative decay rate of the
Ce*" excited state increases with increasing solvent
refractive index in good agreement with the NC-cavity
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Figure 1. (a) Photoluminescence (PL) decay curves of the Ce3* 4f°5d" — 4f' emission for LaPO,:Ce3" NCs dispersed in methanol
(red, MeOH) and DMSO (green). Bottom panel: Fit residuals. (b) Radiative decay rates of the Ce>" 4f°5d" excited state for
LaPO,:Ce®>" NCs dispersed in various media (red dots) and for bulk LaPO,:Ce*" (blue square). The lines are fits with the full-cavity
model (eq 3, dashed line), empty-cavity model (eq 4, dotted line) and NC-cavity model (eq 5, solid line, nyc = 1.82).

model. In fact, the radiative lifetime of the Ce>* emis-
sion in the NCs follows directly from the NC-cavity
model and the Ce*" emission lifetime in bulk LaPO.,.
The Tb*"-doped NCs on the other hand show multi-
exponential decay and decay faster than expected
from the NC-cavity model and emission decay in bulk
LaPO4Tb>*. This is explained by nonradiative multi-
phonon relaxation processes for Tb*>* ions close to the
NC surface. We use the difference between the experi-
mental total decay rate and the decay rate based on
the NC-cavity model to estimate the QY of the Tb**-
doped NCs. The QY of the Tb** ions increases when a
dopant-free LaPO, shell is grown around the NCs, or
when they are dispersed in a solvent of higher refrac-
tive index.

RESULTS AND DISCUSSION

Ce*"-Doped LaP0,. Figure 1a shows photolumines-
cence (PL) decay curves of the Ce3" emission for
LaPO,:Ce®** NCs dispersed in methanol (MeOH) and
dimethyl sulfoxide (DMSO). The decay curves were
recorded for Aem = 340 nm and fitted with a mono-
exponential function using a weighted least-squares
method. The residuals in the bottom panel are random,
meaning that both decay curves have a (close to) single
exponential character. This indicates that the mea-
sured lifetimes are in fact radiative lifetimes, as ex-
pected, since nonradiative multiphonon relaxation
from the 5d" excited state will be negligible.® The
fitted lifetimes for the LaPO,:Ce3* NCs dispersed in
DMSO and methanol are 26 and 35 ns, respectively.
Clearly, the refractive index of the solvent (photonic
environment) has an influence on the decay rate. Both
lifetimes are significantly longer than the lifetimes
observed for bulk LaPO4:Ce3" (1%) (zr ~ 17 ns),® in
agreement with eq 1-5 and the fact that n ,po, (n ~
1.8) is higher than the refractive index of either solvent
(n=13-15)%*

To investigate the dependence of the radiative
decay rate on the refractive index, the LaPO,Ce3*
NCs were dispersed in several solvents, spanning a
wide range of refractive indices, i.e., methanol, ethanol,

1-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-octanol
and DMSO (listed by order of increasing refractive
index). The Ce*" decay curves are single-exponential
for all solvents. Since Ce>* in LaPO, emits in the UV, the
decay rate depends on the solvent refractive index in
the UV, which deviates slightly from well-known values
in the visible. To determine the refractive index in the
UV of the various solvents, we used a home-built setup
to measure the critical angle of total internal reflection
of a UV laser beam at the quartz glass/solvent interface
(A = 325 nm, close to the maximum of the Ce3"
emission in LaPO,). Typically, the refractive index at
325 nm was 0.03 higher than the n&’ values reported
for the solvents®' (see Methods). In Figure 1b the
radiative decay rates of the Ce>" 4°5d" excited state
(red dots, average over five measurements) are plotted
as a function of the solvent refractive index. The
standard deviation over the five measurements is
within the size of the symbols in Figure 1b.

Besides the Ce®>"-doped LaPO, NCs, we use bulk
LaPO,:Ce>" for studying the photonic effects on
the radiative decay rate, as this can be regarded as
LaPO,:Ce3" NCs in a medium of LaPO,. We find a
radiative lifetime of 17 ns for the Ce*" 4f°5d" excited
state of bulk LaPO4:Ce3>" (blue square in Figure 1b),
which is in good agreement with previously reported
lifetimes.*>* The refractive index ny ,po, was estimated
at 1.82, 0.03 higher than the reported n®’ value of
1.79,° in analogy with the increase of 0.03 in refractive
index observed for the different solvents when going
to the UV.

In order to determine which theoretical model can
explain the trend in our experimental results, we fitted
the data points of the NCs to the full-cavity model (eq 3,
dashed line), empty-cavity model (eq 4, dotted line)
and nanocrystal-cavity (NC-cavity) model (eq 5, solid
line, nyc = 1.82), as is shown in Figure 1b. Comparison
of the experimental results with the three models for
the different solvents shows that both the full-cavity
model and the NC-cavity model can explain the
increase in radiative decay rate of the Ce>" emission
in the solvents (for n = 1.36—1.51). The empty-cavity
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Figure 2. PL decay properties of LaPO,:Tb>" NCs (core) and LaPO,:Tb>*/LaPO, NCs (core—shell). (a and c) PL decay curves of
the Th3">D, excited state for core NCs (a) and core—shell NCs (c) dispersed in methanol (MeOH) and DMSO. (b and d) Fit
residuals for core NCs (b) and core—shell NCs (d). (e) Schematic image of a Tb3+-doped LaPO, NC in solution. The Tb3* jons on
or close to the NC surface can lose their excitation energy through radiative decay or multiphonon relaxation. (f) Decay rates
of the Tb®>"°D,, state as a function of the solvent refractive index. Experimental data: core NCs (green, open dots), core—shell
NCs (red, filled dots) and bulk LaPO,:Tb>* (blue square). The solid line gives the expected total decay rates for LaPO,:Tb>* NCs
in case QY = 1, which are radiative decay rates obtained using the NC-cavity model. The dotted lines give the expected total
decay rates for LaPO,:Tb>" NCs with a QY lower than 1, which are obtained by adding a nonradiative contribution.

model clearly underestimates the influence of the
refractive index on the radiative decay rate. The radia-
tive decay rate observed for the Ce** emission in bulk
LaPQ, allows to distinguish between the full- and NC-
cavity model and shows that the NC-cavity model is the
only model that can explain the variation in decay rate
over the full range of refractive indices (n = 1.36—1.82).
The present result provides evidence that the NC-
cavity model (eq 5) is valid for doped NCs in dielectric
media. Not only can the model explain the variation
in decay rate as a function of the refractive index of
surrounding media, it also allows the determination of
the radiative decay rate for emission from dopants in
NCs from the refractive index of the dielectric medium
and the radiative decay rate in the bulk material. In the
next section we will explore this feature and demon-
strate how it can be applied to estimate nonradiative
decay rates for dopants in NCs.

Th**-Doped LaP0,. Figure 2 shows PL decay curves
of the Tb>" emission for (a) LaPO,Th>*t NCs and ()
LaPO,:Tb3*/LaPO, core—shell NCs with a ~1 nm thick
dopant-free shell of LaPO,, dispersed in methanol
and DMSO. The decay curves were recorded at
Aem = 540 nm in the °D, — ’Fs transition and weighted
least-squares fitted with a monoexponential function.
The fit residuals of each curve are shown in the panels
(b) and (d) below the decay curves. The residuals in
panel (b) indicate that the decay of the Tb>* emission
for the LaPO,Tb>" NCs (core only) is not single ex-
ponential. The initial faster decay is caused by the
competition between radiative decay and nonradia-
tive decay processes for Tb*>" ions located on or close

SENDEN ET AL.

to the NC surface>*>* as illustrated in Figure 2e.
Nonradiative decay occurs via multiphonon relaxation
to high energy phonons of ligand molecules. Both C—H
and N—H vibrations of ~3000 cm™" can contribute
to multiphonon relaxation. The energy gap between
the emitting °D, and the next lower “F, level is
~13000 cm . This gap can be bridged by five high
energy phonons of the ligands. The energy gap law for
lanthanide emission states that in case of an energy
gap of fewer than five phonons, nonradiative multi-
phonon decay can compete with radiative decay.'®**
Note that in bulk LaPO,, with a maximum phonon
energy of ~1200 cm™" (phosphate vibrations),*® the
gap requires more than 10 phonons and multiphonon
relaxation rates will be negligibly small. As a result, the
observed decay rate for the D, emission in bulk LaPO,
corresponds to the radiative decay rate.

The fit residuals for the Tb** emission decay curves
recorded for the core—shell NCs, shown in Figure 2d,
indicate that the fast nonradiative component is sig-
nificantly reduced when a LaPO, shell is grown around
the original LaPO,:Tb** NCs, which results in a close to
single exponential decay curve. The undoped LaPO,
shell increases the distance between Tb** ions in the
NCs and the high energy vibrations of surface ligands,
which strongly reduces the multiphonon relaxation due
to these ligands. This is consistent with the results of
Kompe et al., who measured that the QY of CePO,:Tb>"/
LaPO, NCs increases to 70% after shell growth (QY was
below 50% for the original CePO,:Tb>" core NCs).3*

Figure 2f shows single-exponential fitted decay
rates of the Tb>" °D, state (average over five
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measurements) as a function of the solvent refractive
index. Both the results of the core NCs (green, open
dots) and core—shell NCs (red, filled dots) are dis-
played. The standard deviation is within the size of
the symbols in Figure 2f. The solvents used were
methanol, ethanol, tetrahydrofuran, 1-octanol and
DMSO, with refractive indices taken from ref 31
(A = 589 nm). We synthesized bulk LaPO4Tb*" (1%)
and measured a radiative lifetime of 3.4 ms for the °D,
excited state (indicated by blue square in Figure 2f).
This value is in good agreement with previous reported
5D, emission lifetimes for Tb>* in bulk LaP0,.2%32 In
Figure 2f we use this bulk lifetime to determine the
radiative decay rates (solid line) expected for the Tb>"
emission of the NCs dispersed in solvents with varying
refractive index n, based on the NC-cavity model (eq 5),
where we assume that the °D, state in bulk LaPO4:Tb3*
(1%) has a unity QY.*® It is observed that the decay of
Th*" excited state of the doped NCs (green and red
symbols) is faster than what is expected from the NC-
cavity model. This difference is due to multiphonon
relaxation in the NCs (Figure 2e), which is suppressed
but not fully eliminated when a dopant-free LaPO, shell
is grown (compare green symbols to red symbols).

Photoluminescence Quantum Yield of Doped NCs. The NC-
cavity model yields the radiative decay rate of dopants
in NCs, as was shown for LaPO,:Ce>" (see Figure 1). If
the dopant transition has a unity QY, as in the case of
LaPO,:Ce3* NCs, the radiative decay rate is equal to the
total decay rate measured in the experiment. However,
now in the case of Tb>", nonradiative multiphonon
relaxation contributes to the total decay rate. Hence,
we will show that the NC-cavity model can be used to
estimate this nonradiative contribution and thereby
provide the PL QY of the Tb*"-doped NCs. Note that
this method will provide an upper limit for the PL QY
of doped NCs, namely the PL QY of only the emissive
dopant ions in the ensemble. In contrast to conven-
tional methods quantifying absorption and emission,
it is insensitive to ions that absorb but are otherwise
completely dark, e.g., those situated next to a quench-
ing center® Consequently, our method can vyield
larger ensemble QY values (disregarding the ions
with a QY of zero) than conventional methods which
average over all ions. Interestingly, from the difference
between values obtained with the two methods one
can in principle calculate the fraction of dark ions.

In Figure 2f, the dotted lines show expected total
decay rates for LaPO4:Th*>" NCs with a QY lower than 1,
which were obtained using the NC-cavity model to
determine the radiative decay rate and adding a
nonradiative decay contribution. It can be seen that
the QYs of the LaPO,Tb*" core-only NCs and the
LaPO,:Tb>*/LaPO, core—shell NCs are approximately
0.8 and 0.9, respectively. It is interesting that the QY at
low refractive index (n = 1.33) is slightly lower than at
higher refractive index (n = 1.48). This indicates that the
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Figure 3. Luminescence QY of (a) LaPO,:Th*" core-only NCs
and (b) LaPO,:Tb3"/LaPO, core—shell NCs as a function of the
solvent refractive index. The luminescence QY was calculated
using either the fitted lifetimes from Figure 2f (green dots) or
integrating the area under the experimental decay curves for
the NCs in the various solvents (red squares).

QY of the NCs increases with increasing refractive
index. To further investigate this, we calculated the
QY of the core and core—shell NCs in the various
solvents using the total decay rates from Figure 2f
and the expected radiative decay rates according to
the NC-cavity model. Figure 3 shows the QY (green
dots) of (a) the LaPO,:Th*" core-only NCs and (b) the
LaPO,:Tb>*/LaPO, core—shell NCs using this method.
A clear trend is visible that the QY of the NCs increases
with increasing refractive index. This is expected if we
assume that the nonradiative decay rate is constant,
while we know that the radiative decay rate increases
with increasing refractive index. The trend that the
QY of a doped NC increases if the refractive index of
the solvent increases, is general as long as the solvent
itself does not provide nonradiative decay channels
(nonradiative decay only due to surface ligands).

For the LaPO,:Tb>" NCs in this work, with a QY close
to unity, it was possible to fit the PL decay to a
monoexponential function (Figure 2a and 2¢) and
use the method of Figure 2f to determine the QY. A
more accurate and generally applicable method (also
for more strongly multiexponential decay curves)
to determine the QY is not fitting the luminescence
decay curve, but integrating the area under the curve.
Figure 4 shows PL decay curves (blue solid lines) of (a)
LaPO,:Tb3** NCs and (b) LaPO,:Tb>*/LaPO, core—shell
NCs in methanol. The area under these decay curves
(blue) is a measure for the total number of emitted
photons by the NCs (background subtracted). Further-
more, Figure 4 displays single exponential PL decay
curves (red dashed lines) based on the radiative decay
rate predicted the NC-cavity model. The area under
these curves represents the number of photons
emitted by the NCs if the QY were unity. The differ-
ence between the two areas (red) is the loss due to
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Figure 4. Determination of the luminescence QY of Tb**-doped NCs via integration of area under decay curves. The panels
show measured PL decay curves (blue) of (a) LaPO,:Tb3" NCs and (b) LaPO,:Th>/LaPO, core—shell NCs in methanol (n = 1.33).
The red dashed lines are simulated decay curves for LaPO,:Th®" NCs for the case of a unity QY. The simulated PL decay curves
were obtained using the NC-cavity model for QY = 1 and n = 1.33. The QY of the NCs (pie chart in top right corner of panels) is
determined by integrating the area under the experimental decay curve (blue area) and simulated PL decay curve for QY = 1.
The difference between the two curves gives the nonradiative decay (red area).

nonradiative decay. Hence the relative areas of red and
blue directly provide us with the average QY of the
sample, which is illustrated by the pie chart in the top
right corner of each panel. We obtain an upper limit for
the QY of 74% for the LaPO,:Tb>" NCs in methanol and
a QY of 88% for the LaPO,:Tb*"/LaPO, core—shell NCs
in methanol.

Figure 3 shows the QY of the NCs determined using
this integration method for all solvents (red squares). It
can be seen that the QY increases with increasing
refractive index, which agrees with the results for the
lifetimes obtained from fits to a monoexponential
function (green circles). The QY values of the integra-
tion technique are however lower than those obtained
with the fitted lifetimes of Figure 2f. This is due to the
fact that the integration technique is better at taking
into account a full distribution of decay rates, and
therefore more accurately determines the nonradiative
decay component. As a result, the difference in QY
between the two methods is larger for the core-only
NCs, for which the decay curves were more multi-
exponential compared to the core—shell NCs.

To obtain these absolute values for the QY of the
LaPO,:Tb3* NCs, we have used the radiative lifetime
of the bulk counterpart, directly measured from a bulk
sample with near-unity QY. If in a more general case
a bulk sample with near-unity QY is not available, the
total lifetime (including nonradiative contributions)
of a bulk sample can be used. Our method would then,
however, yield the QY ratio between NCs and bulk
rather than the absolute QY of the NCs.

Influence of NC Shape and Size on NC-Cavity Model. The NC-
cavity model assumes that the NCs are spherical, but
NCs are rarely perfectly spherical. To illustrate that the
NC-cavity model is also good for NCs with deviating
shape, we consider the case of ellipsoidal NCs for which
analytical models exist.'**” The local-field (LF) effect
factor y in ellipsoidal NCs depends on the polarization
of the emitter with respect to the long axis. If we
compare a spherical NC (4 nm LaPO, in methanol) to
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Figure 5. Theoretical local-field (LF) effect factor for doped
LaPO,4 NCs (nyc = 1.79) in methanol (n = 1.33) as a function of
the NCssize. Exact calculations of the LF factor following ref 38
are shown for dopants in the center of the NC (blue solid line)
and at the surface (blue dotted line). The exact calculations
are compared to the LF factor according the NC-cavity model
(eq 5, black dashed line) and the NC-cavity model including a
second-order correction (eq 6, red dot-dashed line).

an ellipsoidal NC of equal volume but with an aspect
ratio as large as 10, the orientationally averaged radia-
tive lifetime of dopants would be no more than 7%
shorter in the ellipsoid. Hence, small deviations of the
shape of NCs from perfectly spherical can safely be
ignored in the NC-cavity model.

The NC-cavity model further assumes that NCs are
very small with respect to the wavelength of the
emitted light. More precisely, it is valid in the limit that
ka < 1, where k = 25t/ is the free space wave vector
of the emitted light and a is the radius of the NC.
In our case of NCs with a diameter of 4 nm emitting
(primarily) at 540 nm this requirement is easily met:
ka = 0.02. Figure 5 shows the theoretical LF factor
for larger LaPO,4 NCs (nyc = 1.79) in methanol (n = 1.33),
for dopants in the center (blue solid line) and at
the surface (blue dotted line).3® Most importantly,
we see that for small NCs of a few nm in diameter
the exact size does not affect the LF factor, and the
NC-cavity model (black dashed line) is very accurate.
In somewhat larger NCs the biggest deviation
between the exact calculations and the NC-cavity
model is for dopants at the center. For these we can
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obtain a second-order correction to the NC-cavity
model (red dot-dashed line), by expanding the expres-
sions from ref 38 for small ka:

2
3n2 > {1 (néc — n?)(ndc +10n?) (ka)?

2n? +ndc 52n2 +n?c)

Tn) = F0n<
(6)

The NC-cavity model is accurate to within 5% if the
second term between square brackets in eq 6 is smaller
than 0.05. For LaPO,:Tb3* in methanol this is for NCs
smaller than 41 nm in diameter. We conclude that
(depending on the refractive indices involved, the
emission wavelength and the desired accuracy) the
NC-cavity model is reliable for NCs with sizes of up to
several tens of nm.

CONCLUSIONS

The decay dynamics of the Ce*" 54" and Tb*™°D,
excited state have been studied for Ce** or To*" ions
in LaPO,4 nanocrystals (NCs) and bulk material. We
analyzed the influence of the photonic environment
on the radiative decay rate by measuring luminescence
decay curves of the Ce*" and Th*" emission for 4 nm
LaPO, NCs in solvents of different refractive index
(n = 1.3—1.5). For the 5d" emission of Ce*" single

METHODS

Synthesis and Characterization of Doped LaPO, NCs. Ce>" or Th*"-
doped LaPO,4 NCs were synthesized following refs 34 and 39.
Briefly, a clear solution of 10 mmol of (hydrated) lanthanide
chlorides in 10 mL of methanol was mixed with 40 mmol
of diethyl ethylphosphonate (Ce*"-doped NCs) or tributyl
phosphate (Tb>*-doped NCs). The methanol was evaporated
under a vacuum at room temperature on a Schlenk line, after
which 30 mL of diphenyl ether was added to the solution.
Subsequently, water was removed from the solution under a
vacuum on a Schlenk line by heating to 100 °C, and 40 mmol of
tributylamine and 7 mL of a 2 M solution of phosphoric acid in
dihexyl ether were added to the solution. Next, the reaction
mixture was heated at 200 °C under nitrogen atmosphere for
approximately 18 h, during which the NCs were formed. The
NCs were isolated from the crude reaction mixture by centrifu-
gation, washed with toluene and dried under a vacuum.

For the synthesis of the core—shell NCs>* 7.0 mL of a 2 M
solution of phosphoric acid in dihexyl ether was added to the
crude reaction mixture (no isolation and purification of core
NCs). The reaction mixture was then stirred vigorously
and heated to 200 °C. Separately, a solution of LaCls-6H,0
(10 mmol) in 10 mL of methanol was mixed with 40 mmol of
tributyl phosphate. After the methanol and water had been
removed from the solution as described above (heating to
100 °C under a vacuum), the solution was mixed with 40 mmol
of tributylamine and subsequently added to the reaction
mixture (2 mL solution added every 5 min). The reaction mixture
was then kept at 200 °C under nitrogen atmosphere for
approximately 18 h. The core—shell NCs were isolated from
the reaction mixture in the same way as the core NCs.

Transmission electron microscopy images showed that
monodisperse NCs with a diameter of 4 nm were obtained.
The diameter of the NCs increased to 6 nm when a dopant-
free LaPO, shell was grown. Powder X-ray diffraction measure-
ments confirmed that the crystal structure of the NCs was in
agreement with the monoclinic monazite phase of LaPOj.

SENDEN ET AL.

exponential decay curves are observed, showing an
increase in radiative decay rate with n in excellent agree-
ment with the theoretical NC-cavity model. In addition to
establishing the validity of the NC-cavity model, it allows
an accurate determination of the radiative lifetime for
dopant emission in NCs in a solvent with refractive
index n using the radiative lifetime in bulk material.
Furthermore, we have shown how an upper limit of the
luminescence QY can be determined for Tb**-doped
LaPO4 NCs in solution by comparison of the nonexpo-
nential luminescence decay curves and the radiative
decay rate (from the NC-cavity model and bulk emis-
sion lifetime). The results showed that the QY of the
Tb** emission in doped LaPO, NCs increases when a
dopant-free shell is grown and when the refractive
index of the solvent is higher.

Photonic (local field) effects will be present in all
applications of luminescent doped NCs. The results
presented in this work will be important for future
applications of doped NCs in eg., biolabeling,
solar cells and transparent luminescent materials. The
method presented to determine the QY and radiative
decay rate of luminescent doped NCs using the
NC-cavity model will be of great significance for the
field nanomaterials science.

Inductively coupled plasma atomic emission spectroscopy
(ICP-OES) was used to determine that the LaPO, NCs were
doped with 0.9% Ce*" or Tb>* ions.

The synthesized tributylamine capped NCs could easily be
redispersed in polar organic solvents for photoluminescence
(PL) measurements, and all prepared solutions were stable and
clear. The solvents used were methanol, ethanol, 1-propanol,
1-butanol, 1-pentanol, 1-hexanol, 1-octanol, tetrahydrofuran
(THF) and dimethyl sulfoxide (DMSO). In PL measurements, only
dilute colloidal solutions were used (10 mg of NCs in 3 mL of
solvent) to prevent the influence of reabsorption effects.

Synthesis of Bulk Doped LaP0,. The synthesis of microcrystalline
LaPO,:Ce>*(1%) or LaPO,Tb*>"(1%) was based on a method
described by Van Schaik et al3? Stoichiometric amounts
of La,03 (9.9 mmmol), (NH4),HPO,; (20 mmol) and CeO,
(0.2 mmol) or Tb,0; (0.05 mmol) were mixed and grinded with
a pestle in an agate mortar and subsequently fired in air at
900 °C for 3 h. After an intermediate grinding, a second firing was
carried out in a reducing atmosphere (10%/90% H,/N,)
at 1200 °Cfor 3 h. A white powder was obtained. X-ray diffraction
measurements confirmed that the crystal structure of the ob-
tained powders was in agreement with the monoclinic monazite
phase of LaPO,. No second crystal phase was observed.

Photoluminescence  Measurements. Photoluminescence (PL)
spectra and decay curves were measured using an Edinburgh
Instruments FLS920 fluorescence spectrometer. A PicoQuant
pulsed diode laser (Aex = 270 nm, repetition rate 2.5 MHz, pulse
width 650 ps) was used for excitation of the Ce>* ions. PL spectra
and decay curves of the Ce*" emission were recorded with a fast
Hamamatsu H74220—60 photomultiplier tube (PMT). The decay
curves were obtained using time-correlated single photon count-
ing with an Edinburgh TCC900 computer card. Excitation of the
Tb** ions was done with an optical parametric oscillator (OPO)
system (Opotek HE 355 ) pumped by the third harmonic of a Nd:
YAG laser. The OPO system was set at 4., = 486 nm to excite in the
Tb3+7F6 — 5D4 f—ftransition (repetition rate 10 Hz, pulse width 10
ns). PL spectra and decay curves of the Tb®" emission were
recorded with a Hamamatsu R928 PMT detector. The decay curves
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were obtained using the multichannel scaling (MCS) option
integrated in the FLS920 fluorescence spectrometer.

Refractive Index Measurement. To obtain the refractive index in

the UV of the different solvents, we used a home-built setup to
measure the critical angle of total internal reflection of a UV laser
beam (Kimmon He/Cd IK3151R-E; 2 = 325 nm) on the quartz/
solvent interface. We found refractive indices of 1.36 for methanol,
1.40 for ethanol, 1.42 for 1-propanol, 1.43 for 1-butanol, 1.44 for
1-pentanol, 1.45 for 1-hexanol, 1.46 for 1-octanol and 1.51 for DMSO.
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