Open Access Article. Published on 04 December 2019. Downloaded on 12/5/2025 1:06:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2020, 22, 818

Received 14th October 2019,
Accepted 4th December 2019

DOI: 10.1039/c9¢cp05599a

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Doping homogeneity in co-doped materials
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Doping homogeneity is important for the properties of co-doped phosphors, as it can affect the energy
transfer between sensitizer and activator ions. In a case study we apply different methods, that is
scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDX)
mapping, SEM combined with cathodoluminescence (CL) and solid-state nuclear magnetic resonance
(NMR), to study the doping homogeneity of the host system monazite LaPO,4 doped with two different
lanthanide ions on different length scales. A new criterion for doping heterogeneity in co-doped
systems is developed, which is based on the NMR visibility function, which for this purpose is extended
to doping with two or more paramagnetic dopants. A deviation from this function is indicative of doping
heterogeneity on the length-scale of the blind-spheres of the paramagnetic dopants. A discussion of the
advantages and disadvantages of the different methods is presented. The combined approach allows to
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Introduction

Co-doping is often utilized to achieve extra performance for
functional materials. For example, defect populations can be
manipulated by co-doping in semi-conductors’ to achieve
changes in conductivity or in luminescence materials to achieve
higher efficiency,” brightness or longer afterglow.®> For glass
lasers® co-doping makes a higher dopant-solubility and thermal
tolerance possible. Not only the choice of suitable pairs of
co-dopants needs to be considered depending on the application
scenario, but also the distribution of the co-dopants in the host
material is important. Co-doped afterglow materials for example
critically depend on energy transfer™® processes between different
dopant ions which are limited by their distance. As an example,
the addition of Dy** to the SrAl,O4:Eu®" persistent phosphor
increases the brightness and the duration of the afterglow.”
However, partial segregation of dysprosium has been observed
at grain boundaries, affecting the actual dopant concentration
inside the phosphor particles.®

In general the concept homogeneity depends on a length
scale or a volume.” For example a glass sample may appear
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study doping homogeneity from the nm to the um scale.

homogeneous when investigated by visible light but hetero-
geneous on an atomic scale. In case of co-doped phosphors the
interesting length scale is of the order of the energy transfer
distance (up to a few nm, depending on the transfer mechanism).>®
In the present case we refer to “homogeneous doping” if the La
atoms in the host material are statistically replaced by the
lanthanides (Ln) used for doping. While different techniques
are able to elucidate the distribution of dopants in the host
matrix on different length scale, it turns out that it is not easy to
“prove’” doping homogeneity. Instead the usual approach is to
disprove heterogeneity on different length scales. Analytical
methods can establish heterogeneity in different ways: X-ray
diffraction (XRD) as a bulk technique can be used to establish
heterogeneity by deviation of the lattice parameters from
Vegard’s rule'® or by the appearance of a non-statistical pair
distribution function'' given that the scattering contrast is suffi-
cient. X-ray photoelectron spectroscopy (XPS) offers information
about the dopant distribution at the surface on the nm scale.*
Methods based on electron microscopy can prove heterogeneity at
a specific location in the sample but not in the bulk. For example,
transmission electron microscopy can provide line-scans showing
a dopant distribution profile on the nm scale for thin sample
layers.”® Energy dispersive X-ray (EDX) mapping in a scanning
electron microscope (SEM) can show heterogeneous dopant
distributions on the sub-um scale'*'® at a sample surface to a
depth of several um, depending on the accelerator voltage'® (see
below). EDX is considered to be a semi-quantitative analysis
technique, as the number of detected X-rays depends on the
accelerating voltage, the sample composition, the detection angle
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and the sample morphology, with especially the latter effect not
being easy to correct for. Cathodoluminescence (CL) imaging
evaluates the spatial and spectral distribution of the emitted light
after excitation by the electron beam. For a certain fixed position
of the electron beam, light is generated in a similar volume
compared to the characteristic X-rays. The advantage over EDX
is an increased sensitivity, allowing to study lower impurity
concentrations. Finally, the luminescence characteristics of many
impurities depend on the local environment. Hence, the shape of
the CL emission spectrum can be used to probe the local chemical
composition.'®"” Electron paramagnetic resonance (EPR) studies
the signals from paramagnetic dopants in low concentration and
extracts information on distribution as well as local environment'®
from spectroscopic parameters such as the lineshape.'® A broad
linewidth is typical for strong couplings and indicative of
heterogeneity.>’

In this contribution solid-state NMR is used to investigate
co-doping heterogeneity. In case of a diamagnetic solid host
with NMR-active nuclei solid-state NMR has been used to
investigate the dopant distribution of a single kind of para-
magnetic dopant (“mono-doped”) in different ways: spin-lattice T;
relaxation,” > line width®* > and visibility function (see below).””*®
A T,-T, correlation map was also shown to be useful in studying a
paramagnetic site distribution at the surface of porous materials.”
These NMR observables of the host-material are influenced by the
hyperfine interaction®®*' between the unpaired electrons of a
paramagnetic dopant and the NMR-active nucleus in a non-trivial
way in general. For Ln(m) dopants the valence electrons are situated
in f-orbitals for which the spin-orbit (SO) interactions dominate
over ligand field effects as compared to transition metal atoms for
which the order is reversed.*” Thus the magnetism of Ln(m) ions can
be predicted neglecting ligand field effects in the high-temperature
regime with the exception of Sm(m) and Eu(m). In fact the NMR
visibility function, the relaxation behavior and the line-width of host
signals have been shown to correlate in a simple way with an
increasing Ln(m) doping concentration for the host chosen here.?®
Here we make use of the NMR visibility, which is the molar peak
area of NMR signal of a paramagnetically doped compound
normalized by that of the undoped host. The visibility function
is the NMR visibility as a function of doping concentration that
can be approximated analytically by a decaying exponential
function, if it is assumed that around every paramagnetic
dopant a certain volume exists within which NMR nuclei
become “invisible” to the NMR experiment. Invisible here
means that signals decay very fast so that they do not contribute
to the FID which is sampled after the spectrometer deadtime.
This concept was independently introduced by different groups
in the context of dynamic nuclear polarization®* and for the
purpose of studying doping homogeneity.>” It could be shown
that in a homogeneous system the visible percentage of
the host NMR signal decays in an exponential fashion with
increasing doping concentration which can be used to estimate
the radius of the blind sphere around a paramagnetic center
(formula see experimental part).”®*” In mono-doped materials
deviations from this exponential function may serve as a
criterion of doping heterogeneity in the above sense on the
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length scale of the blind-sphere radius**>® which typically
takes values up to ~2 nm. While in general it may not always
be trivial to explain what contributes to the blind sphere radius
it appears that for Ln(m) dopants the pseudo-contact shielding
is strongly correlated with the size of the blind sphere.”®
Correspondingly the blind-spheres for different NMR active
nuclei in the same material are related to the size of the
gyromagnetic ratio.”® The only known exception for Ln(m)
dopants is Gd(m) which is known for its very special relaxation
behavior which also makes it an effective contrast agent in
magnetic resonance imaging.*'

Given the interest in co-doped luminescent materials the
target of this study is to investigate whether the NMR visibility
function can be extended to co-doped systems and to compare
this approach to other commonly used techniques to investigate
doping homogeneity.

Experimental

Reference materials for co-doped monazite LaPO, were
obtained with a co-precipitation method and subsequent
annealing which previously had been shown to produce homo-
geneously mono-doped samples.”**® The starting reagents,
which include La,O; (ChemPur, 99.99%) and dopant materials
Gd,0; (smart elements, 99.99%), Dy,O; (smart elements, 99.999%),
Ho,0; (smart elements, 99.99%), Yb,O; (smart elements, 99.99%)
and Nd,0; (ChemPur, 99.99%), were mixed and dissolved in the
required ratios in concentrated nitric acid. Upon adding NH,H,PO,
(VWR chemicals) solution in excess a precipitate is formed, washed
with water and ethanol, then centrifuged and dried overnight.
Annealing is done in corundum crucibles at 1000 °C for 4 h.

Solid state NMR measurements were performed on a Bruker
Avance II spectrometer at 7.05 T. Magic angle spinning (MAS)
was done with 4 mm pencil rotors at 10 kHz with a home-built
McKay probe head and a dead-time delay of 15 ps. External
quantification of the NMR signals was assisted with a micro-
balance (Sartorius MC5). The NMR visibility fwas calculated as
the observed peak area of the >'P NMR signal per mole of the
sample normalized by the peak area per mole of non-doped
diamagnetic host. Deconvolution of NMR peaks was done
with the program deconv2Dxy.>* The NMR visibility fitting
function®”*® for a homogeneously mono-doped sample is defined
as f(x) = exp(—arg’x), where r, is the blind-sphere radius, a
is a parameter related to the number density of dopable sites
(@ = 4/3ntNhostuc/Vuc), Nhostuc 1S the number of “dopable” sites
in the unit cell, x is the fraction of atoms substituted by a
paramagnetic dopant (see example) and Vyc is the volume of
the unit cell. For example, for monazite®> doped with Dy, i.e.
LaPO,:Dy or La; ,Dy,PO,, a is 0.055 A

Scanning electron microscopy images were obtained in
back-scattered electron detection mode (Hitachi S-3400 N).
For elemental mapping with EDX, the connected ThermoScientific
Noran System 7 was used. CL radiation emitted by the sample was
collected for a 256-by-184 grid (dwell time of 100 ms per point) with
an optical fiber and delivered to an Acton SP2300 monochromator
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and ProEM 1600EMCCDcamera (Princeton Instruments). CL
spectra and intensities were processed off-line. All spectra were
measured at room temperature and with an accelerating voltage
of 20 kv. To avoid electrical charging of the sample, and the
associated image deformations, a low background pressure of
20 Pa was used. For EDX quantification of the lanthanide ion
concentrations, the L lines were monitored (La: 4.7 keV, Nd:
5.2 keV, Tm: 7.2 keV).

Results and discussion

To investigate the effects of co-doping on the NMR visibility
function, reference compounds are required which are homo-
geneously doped. To this end LaPO, was co-doped with Nd/Tm,
Gd/Dy and Nd/Ho at different concentrations.

The synthesis recipe had been used before to produce
single-doped monazite which proved to be homogeneous
according to XRD and NMR with respect to the Vegard behavior
of the lattice parameters and the NMR visibility function,””
respectively. In the following the doping homogeneity of
co-doped LaPO, is first tested with energy dispersive X-ray
mappings and cathodoluminescence. Finally it is shown how
the NMR visibility function needs to be modified for application
to co-doped materials.

26,28

1. Doping homogeneity according to EDX

Monazite LaPO, is obtained by dehydration of rhabdophane
LaPO,-H,0 which in turn is obtained by precipitation from a
solution containing lanthanum and monophosphate ions.
Depending on washing steps and how fast the precipitation is
conducted, impurities by hydrogen phosphates can be observed
which after high temperature annealing convert into LaP;0,.>°
This impurity (less than 5% based on NMR peak area quanti-
fication results) should not have an influence on the distribution
of the lanthanide dopants but may cause the formation of grain
boundaries and could give rise to deviations in electron micro-
scopy which is sensitive to the surface of the particles. Powder
X-ray diffraction (not shown) indicates a very small impurity of
LaP;0, which is consistent with *'P MAS NMR. Other side phases
could not be observed. Nevertheless, given that solubility limits
for a solid solution of LaPO4:Ln exist’” and that light lanthanides
prefer to crystallize in the monazite structure type but heavy
lanthanides prefer to crystallize in the zircon structure type, it is
reasonable to further investigate the distribution of lanthanide
dopants.

Energy dispersive X-ray spectroscopy (EDX) in comparison to
XRD is a local technique which elucidates sample composition
by the emitted X-ray spectrum inside the excitation volume of
the electron beam, which at 20 keV amounts to a 1-2 micro-
meters in LaPO,. In electron micrographs and EDX maps (Fig. 1
and Fig. S1-S3, ESIt) grain boundaries with different composition
in terms of the Ln/P ratio could be observed but apparently the
total amount was too small to have an impact on the NMR
experiments (see below). The element composition ratios for the
different lanthanides reflect the batch composition of the starting

820 | Phys. Chem. Chem. Phys., 2020, 22, 818—-825

View Article Online

Paper

Fig. 1 Electron micrographs detected via backscattered electrons (top
left) and EDX mappings (top right and bottom) of Lag gNdg1Tmg 1PO4. The
acceleration voltage is 30 kV.

materials and are consistent with a homogeneous distribution
throughout the material, at the sub-micron length scale. To assess
the spatial resolution which could potentially be obtained in the
studied material system, Monte Carlo simulations using Casino**~*°
have been performed, where the interactions of the incoming
electrons with the sample are simulated, including the creation
and eventual detection of characteristic X-rays. The chosen electron
energy was 20 keV, as a compromise between EDX signal intensity
and spatial resolution. Indeed, lowering the electron beam energy
reduces the interaction volume, but simultaneously reduces the
number of generated X-rays. Specifically for the studied LaPO,:Ln
system, the L-lines of the lanthanides are monitored, in order to
avoid the strongly overlapping M-lines, which require an electron
beam energy of at least 15 keV to have sufficient yield. Given the
low concentrations (and thus also the corresponding EDX signal
intensities) of the dopants with respect to the La present in the
host, this is an experimental constraint. Consequently, it is not
obvious what spatial resolution can be obtained if one wants to
assess the dopant homogeneity in the co-doped LaPO, samples.
Therefore, La; ,(Nd,Tm),PO, was simulated as a model system
(Fig. 2), where the doping was considered fully inhomogeneous.
A slab of Lagy ¢oTmg o; PO, was inserted in between two slabs
consisting of LaggoNdg ¢1PO,;. The width of the central Tm
doped slab was varied from 100 nm to 2 pm, while the (vertical)
thickness was taken larger than the penetration depth of the
electron beam. Then the electron beam was swept over the
sample surface, across the three slabs. For each simulated
point of incidence, the obtained EDX signal intensities for Nd
and Tm were stored and plotted (Fig. 2). While the lanthanide
concentrations follow a step like function, the concentration
profile is smoothed by the interaction volume in the sample.
For the widest central slab of 2 pm, the concentration profiles
show that distinct regions can be found, where e.g. no X-rays
originating from Nd are found. For narrower central slabs, a
further smoothing occurs, and already at a central width of
1 pm, Nd is measured along the entire profile. When the central
Tm-doped slab is only 100 nm wide, the Nd signal only drops by
about 20% in the middle of the Tm-doped slab, as compared to
positions far away from the central slab. Taking into account
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Fig. 2 Monte Carlo simulations of the EDX signal intensities of Nd and Tm
were performed for a specific geometry of three slabs next each other,
with the outer ones consisting of Lag 99Ndg 01PO4 and the central one, with
thickness d, being Lag.99Ndg.01PO4 (see top schematic, which also includes
the underlying electron paths of a typical simulation). The derived concen-
tration profiles along the x direction are shown for different thicknesses d.

the experimental constraints, where the Nd EDX signal will be
low given the low doping concentration, the noise on each
measured point will likely obscure this small dip in the
concentration profile. Similarly, while there is for the central
Tm-doped slab of 100 nm a clear increase in the Tm concen-
tration when crossing this slab, the signal intensities will be
fairly low (e.g. as when compared to the 2 pm wide slab),
because the electrons spread laterally out into the Nd-doped
slabs. Consequently, mapping of the dopant concentration
by EDX will - under the mentioned constraints of signal
intensity — not allow to quantitatively assess the dopant homo-
geneity on the submicron, or smaller, scale. Of course, if the
(vertical) thickness of the sample can be reduced by preparing a
thin slab, the spatial resolution increases, as the electrons leave
the sample on the bottom side before they can spread too much
laterally.
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2. Fluorescence spectroscopy

When the electron beam hits the sample, also cathodoluminescent
radiation is generated in a similar volume as the characteristic
X-rays, used for the EDX analysis. The advantage is however that
the CL emission can be strong, translating in a high signal
intensity, and that the contributions in the emission spectrum
can be related to specific luminescent ions, especially in the case of
the 4f-4f emitting trivalent lanthanides. In principle, the emission
intensity can be related to the local dopant concentration as there is
a linear relation between both, until concentration quenching sets
in, where the CL intensity increases sublinearly (or even reduces)
for increasing dopant concentration.

The CL emission spectra of codoped Lag 9gsNdo 00sTMg.00sPO4
and Lay 96gNdy 016 Mg 016PO4, together with those for single doped
Lay.995Ndg 005PO4 and Lag g95Tmy 095PO,4, have been measured and
compared (Fig. 3). Those spectra were acquired while the electron
beam was continuously swept over a large area (100 pm x 100 um)
to find the average emission spectrum. The emission of
Lay.095Ndg 00sPO, is dominated by the transitions in the infrared
(with the *F3;, — “Io), transitions around 900 nm), accompanied by
several transitions in the visible part of the spectrum, originating
from the higherlying 2F(2)ss, *Ds» and *Ps, levels.”® For
Lag.g95T My gosPO,4, the main emission bands are around 345 nm
(°Po — °F4), 360 nm (D, — *Hg), 455 nm (°Py — *H,, 'D, — °F,),
475 nm (‘G4 — *Hg), 650 nm (G, —°F,) and from 700 to 800 nm
(F,, °F;, *H, — °Hg)."' No emission peaks related to other
lanthanides were found, pointing at good purity of the prepared
phosphors. The CL emission spectrum of the Nd, Tm co-doped
Layp.0g4Ndg 00s T 00sPO; is essentially the sum of the contributions
of both Tm*" and Nd*" ions (Fig. 3c), although subtle differences
can be spotted as function of the doping concentration, e.g. in the
relative intensity of the Tm** transitions at 345 nm and 360 nm
which originate from P, and 'D,, respectively. To assess the
degree of energy transfer between Tm** and Nd*', the dopant

2000
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1000 -t

CL emission intensity (a.u.)

500

250 350 450 550 650 750 850 950

Emission wavelength (nm)
Fig. 3 The average CL emission spectra of (a) Lago95sNdp.00sPO4 and (b)
Lao_995Tm0_005PO4. (c) CL emission spectra of Lao_984Ndo_008Tm0_008PO4
(black) and Lag.06aNdo.016 TMo.016PO4 (green). (d) Difference between both
spectra in (c), multiplied by a factor of five.
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concentration of both Tm and Nd was doubled (i.e. the phosphor
with composition Lag ¢6sNdg 016TMg,016P04, Fig. 3c). This doesn’t
dramatically alter the emission spectrum and to better appreciate
the differences, the difference spectrum between both co-doped
samples is shown in Fig. 3d.

For LagossNdo.016TMo.016P04, the Nd*' transitions in the
near IR between 850 and 920 nm increase in relative intensity,
while the Nd** transitions in the visible are slightly reduced,
compared to Lag ogsNdo.00sTMg 00sPO4. For the Tm** emission
lines, most of the transitions below 675 nm reduce in intensity,
where especially the transitions originating from 'D, reduce in
intensity, which could be due to increased cross-relaxation in
Tm®" or to increased energy transfer to Nd**, as the Tm** ('D,)
level is at approximately the same energy as the Nd** (“Ds,)
level with respect to their ground states.

Of course, the CL spectra discussed above are only average
CL spectra. Therefore, SEM-CL-EDX mapping was used to probe
the distribution of both dopant ions on the submicron scale,
where for every pixel the full emission spectrum was recorded
in the range from 400 to 920 nm. To assess the doping
homogeneity, the barycenter emission wavelength A,

——1(2) 7.

be = T 910nm

I(2)dA ®
400nm
was calculated for the measured spectral window (Fig. 4). Given
that the value of . changes from 542 nm for Lag 95T 005PO4
to 694 nm Lajg95Ndg09sPO4, any change in the relative
contribution by both dopants to the total emission spectrum will
readily be reflected. This approach is valid as for the studied
concentrations the concentration quenching is limited, as well as
the energy transfer between the dopant ions. For instance, the
barycenter wavelength increases only 10 nm when going from
Lag.954Ndg 00sTMp.00sPO4, t0 Lag.06sNdo.016TMp.016PO4. The map
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o
-

e |

-_—2

CL intensity (normalized)

500 600 700 800 900
A (nm)

=
2

620

a
hy

@
=3
- T - [

Barycenter (nm)

001 002 003
EDX ratio Nd / (Nd+Tm + La)

590"

Fig. 4 (a) SEM image of Lag g96sNdo.016 TMo.016PO4 Obtained by the back-
scattered electrons, with the color overlay showing the integrated CL
intensity per pixel in the 256 x 192 sampled grid. (b) Barycenter wave-
length. (c) Two local CL emission spectra as measured in the two pixels
indicated in the barycenter map (b). (d) Scatter plot of the barycenter
wavelength as function of the Nd EDX signal intensity, normalized to the
lanthanide EDX signal intensity.
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shows that the barycenter wavelength is narrowly distributed
(Fig. 4b). For instance, no phosphor particles with dominating
Tm>" or Nd** emission were found. Apart from a few small
particles with Ay in the range from 590 to 600 nm (spectrum 1
in Fig. 4c), for most measured points a A,. between 605 and
620 nm is found. Comparing the CL intensity and topography
map in Fig. 4a with the . map in Fig. 4b, there appears a strong
correlation between 4. and the CL intensity. Bigger and smoother
particles, protruding from the sample surface, have slightly
shorter barycenter wavelength. This is likely related to a lower
fraction of reabsorption of emitted light or by a reduced optical
path length due to limited scattering, in comparison to lower
lying, smaller particles. Clearly, when considering only the bigger
particles, the variation on the barycenter wavelength is no more
than a few nm. For comparison, a scatter plot was made (Fig. 4d)
where the relative EDX intensity of Nd compared to all lanthanides
is plotted versus Ap.. No clear trend can be found, although the Nd
concentration appears to slightly increase for longer barycenter
wavelengths, which is not unexpected based on the spectral
positions of the Tm** and Nd** emission. The low EDX signal
intensities for the Nd (and Tm) lines however introduce a great
uncertainty and make this an unreliable metric to be used for
dopant mapping, at least on this particular phosphor. In that
sense the CL spectroscopy is far more sensitive and points at a
very homogeneous distribution of both Tm and Nd dopants on
the submicron length scale, given the sensitivity of this metric.
Of course, it cannot make statements on the average Nd-Tm
distance, which is about two orders of magnitude smaller than the
spatial resolution of SEM-CL on these powder samples.

3. NMR: visibility function for paramagnetic co-doping of a
diamagnetic host

For mono-doped systems, the NMR visibility f(x) for homogeneous
doping shows an exponential dependence f(x) = exp(—ar03x) on
the doping concentration x, the number density parameter a and
the radius of the blind sphere r,. Heterogeneity causes a deviation
from the homogeneous curve into the direction of complete phase
segregation.® The curve for complete phase segregation can be
estimated assuming a minimum blind sphere radius, which can be
illustrated on the example of LaPO,:Tm, ie. La; ,Tm,PO,. Given
the mixture falls apart into (1 — x) LaPO, and x TmPO, and the
NMR active nuclei in TmPO, are “invisible” because the blind
sphere is covering them, then the maximum possible visibility
Jfrnax(X) is approaching fina(x) =1 — x.*’

The exponential visibility function for mono-doped systems
was deduced in two different ways for a homogeneous doping
scenario. We derived it by an inductive argument, i.e. a Taylor
expansion for the low-doping regime which allowed to para-
meterize a decaying exponential function and a numerical
verification on discrete, crystalline, statistically doped structures®
by counting the numbers of atoms in- and outside the blind-
spheres, which also allows to qualify when the assumption of a
constant dopant number density is not valid anymore. Griffin and
coworkers (ref. 33, Supp. Info. p. S10), independently derived it by
an elegant probabilistic ansatz.”” In the latter the idea is to calculate
the probability for not finding a small voxel inside any blind-sphere
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in a given volume V, where the number density n is the number
density of blind spheres. In a given volume V in total N = nV blind

spheres are introduced.
N N
. - in
LT R (1 _w)
N—o0 N (2)

= exp(—n . Vbﬁnd)

Pvisible =

A typical case where this approximation breaks down is when
the blind sphere radii become equal or shorter than the smallest
possible distance between the detected NMR nucleus and the
paramagnetic center.

It is straightforward to extend this approach to a homo-
geneous co-doping situation with the dopants Q and P.

N Q No
(1 _ VtI)’lind) P. (1 _ Vblind)
Np—00,Ng—00 V V (3)

Dvisible = lim

_ P Q
= eXp(*”P “ Vilind = 71Q * Vblind)

By expressing the blind sphere volume Vyjing With the blind
sphere radius r the visibility function f(x,y) of a co-doped
material like La;_,_,Gd,Dy,PO, can be written as

flxy) = exp(—ary’x)exp(—ar,’y) (4)

where r; and r, are the blind sphere radii of the two dopants
respectively, and a is a parameter related to the number Ny of
dopable sites in the volume Vy¢ of the unit cell equal to the case
of the mono-doped system.

a = 4/3ntNyc/Vuc (5)

4. Validation of the NMR visibility function for a co-doping
scenario

In the next step this model is to be tested experimentally. For
this purpose three co-doped sample series have been prepared:
La;_, ,Gd,Dy,PO,, La;_,_,Nd,Tm,PO,, and La;_, ,Nd,HoPO,.
Given the approximation works it should be possible to predict
the 3D visibility function f(x,y) from the blind-sphere radii of
Gd(ur), Dy(m), Nd(m), Tm(m), Ho(r) obtained from mono-doped
systems for the homogeneous case, which in a previous study®®
were estimated to be 13.5, 12.5, 5.5, 9.0 and 10.5 A, respectively.

The co-doping systems were chosen for three different
reasons: first luminescence should be feasible to have another
method to disprove homogeneity (see above), second the blind-
spheres should have a different origin, ie. relaxation based
quenching of the NMR signal leading to homogeneous broadening,
as in the case of Gd(m) and inhomogeneous line-broadening as
in the case of Nd(m), Dy(m), Tm(m) and Ho(m),”® and third the radii
should differ in size.

To ease the visualization of the NMR visibility f(x,y) the
doping concentration of both dopants was increased by an
equal amount.

f(x) = exp(—ar’x)exp(—ary’x) = exp[—a(ri® + r,°)x]  (6)

The NMR visibility can then be shown in a 2D plot. For
La; ,,Gd,Dy,PO, (Fig. 5) and La; ,,Nd,Tm,PO, (Fig. 6) good

This journal is © the Owner Societies 2020

View Article Online

PCCP

12

10* 103 102 10! 1

Fig. 5 NMR visibility f (x) (circles with error bars) calculated from 3P MAS
NMR data plotted against the doping concentration x of La;_,,Gd,Dy,PO4
on a logarithmic scale. The dashed line features the expected visibility
function f(x) = expl—ax(raq® + ro,’)] with the values a = 0.055 A2, rgq =
13.5 A and rpy = 12.5 A being the same as for mono-doped LaPO,. The
dotted and the dashdotted lines correspond to the f (x) function neglecting
Dy and Gd contribution, respectively, i.e. f(x) = exp(—argqs’x) and f(x) =
exp(—arp,’x).
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Fig. 6 NMR visibility f (x) (circles with error bars) calculated from 3P MAS
NMR data plotted against the doping concentration x of La; ,Nd, Tm,PO,4
on a logarithmic scale. The dashed line features the expected visibility
function f(x) = expl—ax(rng” + rrm>)] with the values a = 0.055 A3, ryg =
5.5 A and rim = 9 A being the same as for mono-doped LaPO,4. The dotted
and the dashdotted lines correspond to the f(x) function neglecting Nd
and Tm contribution, respectively, ie. f(x) = exp(—arrm>x) and f(x) =
expl—arngx).

agreement between experimental data and the curve expected
from the blind sphere radii obtained from mono-doped systems
is observed, which indicates that the dopants are randomly
distributed in the host onto the dopable sites.

A point which can be learned from the NMR visibility
function f(x,y) is that the sensitivity towards the doping
concentrations x and y are scaled by the cubic radius of the
corresponding dopants, which means that in case of a significant
difference in radius like for Nd(ur) and Tm(u) the bigger ion will
dominate the visibility curve.

For this reason it makes sense to also test the visibility
function f(x,y) without imposing a linear dependence of x and
y. Such a 3D plot, the “NMR visibility map”, is shown for
La;_, yNd,Ho,PO, in Fig. 7, where the contour-levels have be
chosen according to the expected value for f(x,y) at the point
(x,¥). Again the experimental data showed good agreement with the
assumed model. For the La;_,_,Gd,Dy,PO, and La, _,_,Nd, Tm,PO,
series they are shown in the ESI} (Fig. S4 and S5).
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Fig. 7 NMR visibility map f (x,y) calculated from *'P MAS NMR data plotted
against the substitution degree x and y in La;_,_,Nd,Ho,PO,4 on a loga-
rithmic scale. The dashed 3D plot (upper) and its contour plot (lower)
feature the expected visibility function f(x,y) = expl—alrng X + ruo-y)l with
the values a = 0.055 A=3, ryg = 5.5 A and ryo = 10.5 A being the same as for
mono-doped LaPO4. The contour levels were chosen according to the
expected value for f(x,y) at the point (x,y).

Which advantages and disadvantages does the NMR visibility
approach have in comparison to other techniques?

An advantage is that the NMR visibility tests doping homo-
geneity on a length scale which is of the same order of magnitude
as the critical energy transfer distance, which indicates it could
have relevance to applications in luminescence.

The NMR visibility function is not directly sensitive to the
distribution of the two co-dopants relative to each other on
the other hand. For two co-dopants with similar blind-sphere
radius, it is possible that the NMR visibility of a system where
the co-dopants do not mix, looks the same as a homogeneously
co-doped system. The proposed formula provides a simple
criterion to test doping homogeneity in co-doped systems,
nevertheless.

Conclusions

Doping homogeneity has been evaluated from A to pm scales by
a combination of different techniques: solid-state NMR, EDX
and SEM-CL. LaPO, doped with Tm** and/or Nd** was studied
as a model system. For the co-doped samples, the doping
homogeneity was very high at the submicron scale, as wit-
nessed by the almost invariable emission spectrum over the
evaluated sample area. It could be shown that the NMR
visibility function can be predicted in case of homogeneous
doping for co-doped systems given that the blind-sphere radii
do not influence each other. This approximation seems to be
valid in case of lanthanide dopants Ln(ur). The NMR visibility
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function may thus be used to study doping homogeneity in
co-doped systems to achieve higher light yields. The study
shows that it is often necessary to apply different techniques
to study doping homogeneity: bulk techniques like NMR have
the advantage that a deviation from an expected ideal curve can
be qualified in a simple number, while microscopic techniques
with local resolution power may give qualitative evidence for
heterogeneous distributions of dopants.
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