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Abstract: We report the manufacturing of a novel diamond — rare-earth (RE) composite material
with EuF; nanoparticles (NP) embedded in the synthesized microcrystalline diamond films that
show strong photoluminescence in the orange part of the visible spectrum. Synthesis of the
aforementioned composite includes placement of EuFz; NP on the diamond substrate and
subsequent coating of them with an additional polycrystalline diamond layer grown by
microwave plasma chemical vapor deposition (CVD). The produced composite films exhibit
high intensity localized photoluminescence (PL) at 612 nm with the decay time of 0.34 ms,
which is generated by the EuFs particles buried within a very stable transparent diamond matrix.
The proposed synthetic approach is quite versatile, as it allows preparation of the luminescent
diamond - RE particles nanocomposites of different sizes and natures which perform well over a

broad range of the visible spectrum.
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1. Introduction

Diamond nanophotonics is an area of modern materials science of increasing interest.
This field has applications in quantum information technologies [1-5], optical biomarkers [6],
and scintillators (X-ray beam monitors) [7,8]. Extensive efforts in this field are focused on the
impurity-related color centers in diamond (e.g., nitrogen-vacancy (NV) [9], silicon-vacancy
(SiV) [10], germanium-vacancy (GeV) [11,12], chromium- or nickel-related defects [13], etc.).
Such color centers typically show narrow (a few nanometers at room temperature) zero phonon

lines (ZPL) in photoluminescence (PL) spectra and short PL decay times on the order of



nanoseconds. These color centers can be easily produced by ion implantation in diamond [14] or
by chemical vapor deposition (CVD) with in situ doping [10, 15]. The known PL properties of
the impurity-vacancy centers are quite suitable for engineering of single photon emitters, and the
search for new and better PL sources in a diamond matrix is still an ongoing activity. The goal of
such studies is to extend the spectral range and increase the decay time and efficiency of
diamond-based PL sources. In particular, the PL emission could be further improved using rare-
earth (RE) ions, which are known for their higher quantum efficiency and longer PL decay times
in the millisecond range. The latter assumption is based on the well-established use of the RE-
doped phosphors in white light-emitting devices [17, 18], plasma display panels, field emission
displays, solar cells [16], X-ray scintillators [19, 20], etc. Composite luminescent materials with
rare-earth fluoride nanoparticles incorporated into oxide glass matrices are also widely
implemented [21].

The ideas presented above suggest that the promising combination of chemical stability
and lack of diamond cytotoxicity with the unique optical properties of rare-earth ions could be
crucially important for the development of RE-containing diamond materials, which can be
successfully utilized as brighter bio-markers [22, 23] and X-ray imagers [7,24]. However, the
direct incorporation of the large RE ions in the diamond crystal lattice (the densest among solid
materials) is very difficult from the technical point of view.

Recently, Magyar et al. [25] reported the first such attempt to introduce RE atoms into a
diamond lattice by doping diamond single crystals with europium (Eu**) organic complex. The
authors attached via multistep chemical process Eu(lll) tri-(2,6-pyridine dicarboxylic acid)
complex (EuDPA) to the polymer layer, assembled on the diamond substrate and then proceeded
with diamond deposition to cover the Eu-containing molecules with an outer diamond layer. The
obtained material exhibited Eu fluorescence with typical intensive line(s) at 612 nm, but
Eu/diamond fluorescence was different than that of the precursor EUDPA complex, with the
strongest precursor singlet peak Doy —'F, becoming a multiplet, and broadening and/or splitting
of °Dy —'F; and °Do—'F, transitions also appearing in the PL spectra.

Our paper describes an alternative approach to incorporate RE elements in diamond by
imbedding europium fluoride EuFs; nanoparticles (NP) in chemical vapor deposition-grown
diamond film. Thus, we prepared a composite with the mechanically strong and chemically
transparent inert matrix, having the properties inherent to diamond, while retaining the excellent
PL properties of EuFs particles. Our method allows the manufacture of such diamond-based
composites not only just with the one rare earth element, but also with the mixture of several RE

metals, in order to fine-tune the PL emission spectrum range.



2. Experimental
Europium trifluoride (EuF3) has been chosen as the primary object for our studies

because of its non-toxic and moisture-resistant nature in comparison with other RE
chalcogenides, iodides, bromides, and chlorides, which have a short phonon spectrum. Also,
EuF; possesses the higher isomorphic capacity and lower phonon energy than RE oxides. EuFs
exists in two polymorphs: a higher temperature hexagonal tysonite-type a-modification, and a
lower temperature orthorhombic B-YF; modification [26]. Hexagonal tysonite-type europium
(1) fluoride (EuF3) nanopowders were synthesized by their precipitation from 99.99 wt. % pure
0.2 M aqueous europium nitrate (LANHIT®) and 99.9 wt. % pure 5 vol. % hydrofluoric acid
(Chimmed) utilized as the raw materials without any additional purification. The europium
nitrate solution was added dropwise to hydrofluoric acid under vigorous stirring at room
temperature [27,28].

The formed suspension was separated from the liquid phase by decanting after settling.
Then, the precipitate was washed with double-distilled water and dried at 45°C. X-ray diffraction
analysis of EuF; powder was performed using a Bruker D8 diffractometer (CuK, radiation). The
lattice parameters and the sizes of the coherent scattering domains (D) were calculated using the
TOPAS software. A typical X-ray diffraction (XRD) pattern of the synthesized single-phase
EuF; nanopowder with hexagonal tysonite structure (P-3cl space symmetry group; a =
6.9191(1), ¢ = 7.0967(1) A lattice parameters; coherent scattering domain size is about 37 nm;
Fig. 1a) is in complete agreement with literature data (JCPDS card 32-0373); no other crystalline
phase has been detected. It is worth mentioning that the preparation of the non-equilibrium
higher temperature phase at room temperature is a quite common phenomenon in
nanotechnology [29].

Samples of an aqueous 0.1wt. % EuF; particle slurry was prepared by ultrasonication for
15 min. The particle size distribution in the slurries was measured by the dynamic light
scattering (DLS) method using Photocor Complex DLS spectrometer with He-Ne laser as the
laser source. The size of separate nanoparticles was measured at 100-400 nm (mode size
220 nm), while a smaller number of larger (600 — 2000 nm) agglomerates were also detected
(Fig. 1b).

The scheme for diamond-EuF; composite preparation is shown in Fig. 2. At the
beginning, the 20 x 20 x 0.5 mm?® polished (100) single crystal Si wafers, used as the substrates,
were seeded with detonation nanodiamonds (average size about 5 nm) in a water-based slurry.
Then, ~1.2 pm thick primary microcrystalline diamond film was grown using a microwave

plasma chemical vapor deposition (CVD) system ARDIS-100 (2.45 GHz; total gas flow rate =



500 sccm of 5% CH4/H, mixture, 70 Torr pressure, 3.6 KW microwave power, deposition time
40 minutes). The substrate temperature, as measured by two-color Micron M770 pyrometer, was
maintained at 800 °C. The deposition rate was approximately 1.8 pm/hour, as measured by laser
interferometry in situ [30].

Formed diamond film was seeded with the EuF; NP from an aqueous slurry (0.1 wt%
EuFs3) using a spin-coating technique (1 EuF; particle per 10 pm?). We also used the seeding
with EuF; particles by direct ultrasonic treatment of the substrates in slurries. This method is
common for seeding the substrate with a nanodiamond grit to enhance diamond nucleation
density. It was quite effective for EuF; seeding as well, but in all further experiments only spin-
coating seeding was employed. In the next step, additional diamond deposition was continued in
order to add the second ~1.2 um thick microcrystalline diamond layer.

The structure of EuFs particles and diamond films was examined with Tescan MIRA3
scanning electron microscope (SEM). The energy-dispersive X-ray spectroscopy (EDX) module
was used to detect Eu atoms. Scanning electron microscope study of the synthesized EuF; (Fig.
3a) revealed disk-shaped agglomerates (~100 nm thick, and 300 nm in diameter) consisting of
~40 nm primary NPs. The latter value of primary NP size is in excellent agreement with the size
of coherent scattering domains (~37 nm) assessed from the XRD data with the use of the
Scherrer equation. One such primary EuF; particle, seeded on a pre-deposited diamond film with
grain size ~400 nm, is shown in Fig.3b. After repeated diamond deposition for 40 minutes, EuF;
NPs were completely overgrown, and the diamond grain size has been enlarged up to about 1 pum
(Fig. 3c). It is worth noting that the used RE fluoride preparation method for synthesizing
europium (tri)fluoride nanoparticles allows reduction of the initial RE particle size down to
several tens of nanometers if necessary (as has been reported, for example, for LaFs:Yb:Er [28,
29, 31)).

The position of EuF; particles inside the diamond film(s) can be easily identified in the
SEM image of the sample’s fractured surface (Fig. 3d): the first diamond layer had a columnar
structure with continuously increasing grain size, having a fine-grained layer with encapsulated
EuFs NPs, followed by the 2" diamond layer on the top. Zoomed images of areas between the
two diamond layers reveals individual particles with size of the order of 50 nm, which can be
associated with fragmented EuFs; agglomerates (presumably, the fragmentation was caused by
hydrogen etching of thin bridges between elementary EuF; nanoparticles). Energy-dispersive X-

ray spectroscopy (EDX) of the same cross-section clearly showed a strong Eu signal in the



central region of the film (Fig. 3e), additionally confirming the incorporation of EuF; NP in
diamond bulk.

Raman spectroscopy and photoluminescence spectra were recorded with LABRAM HR-
800 spectrometer equipped with a diode-pumped solid-state laser (A = 473 nm; the laser beam
was focused within ~1 um spot on the sample surface). Photoluminescence kinetic was analyzed
with a laboratory-built system with time-resolved photon counting and direct photocurrent
measurements [32]. PL was excited by the radiation of a pulsed diode laser (A=405 nm)
generating a periodic train of 2.5ms -long rectangular light pulses with a pulse energy of 100 uJ
at a repetition rate of 20 Hz. Spreading of a rectangular pulse near its edges was no more than 5
ns. The excitation laser beam was focused into a 0.3mm spot on the sample surface. PL signal
was analyzed by grating spectrograph equipped with Hamamatsu (H10330B) photomultiplier
module.

The typical PL spectrum (550-725 nm) for the freshly-prepared EuFz nanopowder (Fig.
4a) contains five lines associated with *Do-'F; transitions (j = 0-4) with the °Do—'F; magnetic-
dipole transition dominating. The intensity of the hypersensitive electric-dipole transition
°Dy—'F,, which is very sensitive to the local environment, is notably lower, and the latter

suggests a high symmetry of the crystal field for Eu®* ions [33].

3. Results and discussion
The PL spectrum for the embedded EuFs; NPs is distinctly different from the

corresponding starting EuF; on the diamond nano-powder spectrum (Fig. 4b). The only common
Eu-related feature in these spectra is the narrow line at 611.6 nm which corresponds to the Do —
’F, transition. The pre-deposited diamond film showed no peak at this wavelength (Fig. 4b;
bottom spectrum). Another line at 630 nm belongs to a defect of unknown nature related to the
CVD diamond [34] and unrelated to EuFs, for it is also present in the pre-deposited diamond
film. The 611.6 nm PL line in the composite is very narrow, with its full width at its half
magnitude (FWHM) at only approximately 1.6 nm (Fig. 4c), i.e., far less than for the other Eu-
based materials [35, 36]. The 611.6 nm line demonstrates a high intensity, however, the direct
comparison of its intensity with that for virgin (uncoated) EuFs; NPs was difficult as this
procedure would require the presence of identical the EuF; masses within the probed area of two
samples. The two weak peaks at longer wavelengths, A= 614.3 nm and 624.0 nm, also
correspond to the °Dy - 'F, transition, but they are much less intense. Also, strongly damped, yet
visible, are the lines for the °Dy - 'F; transition. Thus, the domination of °Do-’F, transition in the

imbedded EuF; particles suggests that the symmetry of the local environment around the Eu was



lowered compared to that in the isolated NPs. A similar effect has been observed by Magyar et
al. [25] for the cathodoluminescence of Eu defects in nanodiamonds: an intense and broad 612
nm line (FWHM ~20 nm) along with strongly-damped lines corresponding to the other
transitions.

In our experiments, apparently, changes in the Eu ion environment have occurred at the
boundaries of EuF; NPs due to their interaction with carbon atoms. However, since only a
minority of all Eu atoms were located at these boundaries, the latter factor alone is unlikely to be
responsible for the observed PL spectrum modification. Diamond deposition occurred in an
essentially hydrogen-rich plasma in the presence of active atomic hydrogen, so EuFs reaction
with hydrogen at higher temperature might have resulted in the formation of intermediate-
ordered phases such as hexagonal EuF;,4, (JCPDS card 26-0626) or tetragonal EuF,25 (JCPDS
card 26-0625), or via a polymorphic transformation to low symmetry orthorhombic EuF;
(JCPDS card 33-0542), thus, lowering the higher original site symmetry of Eu atoms (such
transformations of rare-earth fluorides are well known [37,38]). Another reason for the
appearance of asymmetry in the inner coordination sphere of Eu atoms may be a biaxial thermal
compressive stress in the diamond film (according to our estimate, ~0.25 GPa) due to a
mismatch between the thermal expansion coefficients (TEC) for diamond (0.8x10° K™ at room
temperature) and the silicon substrate, resulting in a stress in the encapsulated EuF; particles.
Also, the thermal stress in EuF; particles might originate from a mismatch in the TECs for
diamond and fluoride. The mean TEC for the hexagonal europium fluoride is rather high ~7x107
K™ [39] to generate the significant stress in imbedded particle.

The features of the Raman spectra for the diamond films (Fig. 4d) include a narrow
(FWHM ~10 cm™) diamond peak at about 1334 cm™, broad D- and G-lines from sp®-bonded
amorphous carbon (a-C) at 1350 cm™ and 1580 cm™, respectively, and the lines at 1140 cm™ and
1450 cm™ corresponding to trans-polyacetylene (t-PA) [40]. The a-C and t-PA components are
located at hydrogen-tethered grain boundaries, including EuFz-diamond interfaces. We expect
that the fluoride-diamond interface could be more regular/ordered if EuF; NPs would be
embedded in single crystal diamond compared to the polycrystalline specimens described in the
present paper. The experiments on the preparation of such composites are in progress now.

Photoluminescence kinetic was analyzed with a laboratory-built system with time-
resolved photon counting and direct photocurrent measurements. Upper curves in Fig. 5 show
quenching of Eu related PL for EuF; after switching off the laser excitation. All the curves
exhibit a very similar PL decay on the time scale being typical for Eu-related emission [25]. Red

dotted lines in Fig. 5 illustrate fit of the experimental data with a single exponential decay



revealing a characteristic decay time of 0.33-0.34 ms. The bottom curve in Fig. 5 shows
quenching of Eu related PL for the EuF; - diamond composite. Luminescence decay time 0.326-
0.34 ms for EuF; particles embedded into the diamond films are in a good agreement with the
results reported in [25] (0.325 ms). As one can see, this curve exhibits similar trend except for
~0.1 ms immediately after the excitation pulse. The increased rate of the PL quenching observed
in the time range of 0-0.1 ms after an excitation pulse is apparently due to the contribution from
the background emission which is characterized by the significantly lower decay time. The
remaining part of the curve corresponds to the decay time of about 0.34 ms thus indicating the

contribution from Eu-related emission.

4. Conclusions
We have prepared and characterized diamond-rare earth composite materials with EuF;

NP embedded in microcrystalline CVD diamond films that exhibit photoluminescence emission
at about 612 nm. We have developed a novel and very flexible technique that can be easily
implemented for other rare-earth and alkaline-earth fluorides and/or oxides, so the latter species
with unique optical and magnetic properties, including effective up-conversion and X-ray
luminescence nanoparticles, can be easily incorporated into a polycrystalline diamond matrix.
The luminescence decay of 612 nm line of 0.34 ms is similar for both EuF; powder and particles
integrated into diamond films. Therefore, it is possible to produce diamond films with the
tailored luminescence bands and life times of rare-earth elements of the choice. Our method can
also be applied for the preparation of the multilayered composites with the same or different RE
nanoparticles accommodated in their own layer(s) via repeated multiple-time diamond
deposition. Alternatively, it is possible to seed a mixture of different RE species on the substrate
surface to enhance the intensity and/or broaden spectral range of the PL emission to produce a
multicolor light source. The luminescent properties of such composites can be further improved
in order to reduce the background PL from non-diamond carbon by using a single crystal
diamond substrate (instead of the polycrystalline one) to embed the RE NPs within the
epitaxially grown diamond film. In addition, our method allows the use of such smaller
lanthanide fluoride particles (as small as a few tens nanometers [41]), so this would enhance
their localization within the diamond matrix. The encapsulation and overgrowth technique
demonstrated in the present work can be regarded as a particular realization of a more general
approach based on placing nano-or microparticles on diamond surface followed by epitaxial
diamond deposition to fully or partially cover the particles and form a specific composite

materials like diamond photonic crystal with buried silica opal structure [42], Li-doped diamond



film with LisN particles as the Li source [43], or bright X-ray beam monitors [8] with high
thermal conductivity to operate at high intensity incident radiation fluxes. This promises a
development of a wide variety of diamond-based functional composites with interesting optical,

mechanical, magnetic properties.

Prime novelty statement
A novel type of diamond-based composite containing embedded luminescent europium
trifluoride EuF3; nanoparticles (NP) in the bulk is synthesized by MPCVD. The material exhibits

bright photoluminescence in orange spectral range.
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Fig. 1. X-ray diffraction pattern (a) of tysonite-type EuF; nano-powder (CuK, radiation;
literature data for the reflection angles are presented as blue bars below for comparison) and size

distribution for EuF; nanoparticles in an ag. 0.1wt% slurry measured by dynamic light scattering

(b).
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Fig. 2. The scheme of diamond composite preparation by imbedding EuFs; nanoparticles between

two microcrystalline diamond layers on the silicon substrate.



Fig. 3. SEM images (top views) of synthesized EuFs; nano-powder (a), the seeded EuF; particles
on a pre-deposited diamond film (b), and the surface of diamond film after the 2" 40 min CVD
growth on the top of EuF3 particles (c). SEM image of the cross-section of the diamond film with
imbedded EuF; particles in the middle of the film (d). EDX mapping of elements across the same
cross-section (e): green layer — silicon, blue layer — carbon, purple dots — europium (also shown

by the arrow).
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Fig. 4. PL spectrum of synthesized EuF; powder (Aexc = 473 nm) (a). PL spectra for pre-
deposited diamond film seeded with EuF3 particles (bottom spectrum) and for the diamond film
after 40 min CVD growth with embedded EuF; NP (top spectrum) (b). Broadening of the PL line
between 575 nm and 675 nm was caused by NV nitrogen-vacancy, NV~ defects and amorphous
carbon impurity. The narrow lines at 486 nm and 505 nm are Raman peaks for silicon substrate
and diamond, respectively. The strong 611.6 nm peak corresponds to the Eu** *Dy—'F,
transition, while the appearance of the 630 nm line is caused by a specific CVD diamond defect.
The high-resolution PL spectrum for the EuF; component in the composite film is shown in (c),
while the Raman spectra for the pre-deposited diamond film (bottom) and the film containing
EuF; NP after the 2" 40 min growth (top) are in (d). All spectra were recorded at the 473 nm

excitation wavelength at room temperature.
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Fig. 5. PL decay of Eu related peak for EuF; powder (red — 617 nm, blue — 612 nm, orange — 590
nm) and for the EuF3 - diamond composite (black line) after switching off the laser excitation.

Red dotted lines show data fits with single exponential decay.
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Highlights
1. Luminescent EuF; nanoparticles were integrated into diamond matrix using a CvVD

technique.
2. The diamond-EuF3; nanocomposite shows narrow photoluminescence peak at 612 nm

wavelength
3. The luminescence decay of 612 nm line is measured at 0.34 ms.



