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New materials for luminescent scanning
near-field microscopy
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Results on synthesis and characterization of the luminescent probes for applications in
determination of near-field optical characteristics and spatial distribution of local tem-
perature are presented. Two types of materials are studied: Eu3* doped vanadates LaVO,,
and chromium-doped composites (NaAl(MoO,),/Al,O,):Cr. It was shown that submicron-sized
particles of the mentioned materials can be used for development of the luminescent
probes for near-field optical applications.

IIpencTaBiaeHb Pe3yJaLTATLI CHHTE3a U MCCAESOBAHUNSA XapPAKTEPUCTUK JIOMAHECIEHTHLIX
30HI0OB AJS WCCIELOBAHNA XaPAKTEPUCTUEK OJUMKHEro IOJA UM IPOCTPAHCTBEHHOI'O pacipese-
JeHUA JIOKAJLHOM TeMIIePaTypPhl. I/ICCJIeI[OBaHBI ABa THIa MaTepuaaoB: BaHagarel LaVO,,
JIerMpPOBAHHBIE JIOMUHECIEHTHEIME MoHamMu EuSt um KommosmTer NaAl(MoO,),/Al,O5, merupo-
BaHHbBIE JIOMUHeCIHeHTHBIME noHaMu Cri*. ITorasaHo, uTo cyGMUKpPOHHBIE UACTHUIL YKABaH-
HLIX COEJUHEHU MOI'YT MCIOJb30BATLCSA IIPU paspaboTKe JIIOMHHECIEHTHLIX 30HIOB IJIs
OIMKHEIIOIeBOH ONTHUECKON MUKPOCKOINM.

Hosi mamepianu 0na ckanyrowoi OGAUNHBONONBOGOL AIOMIHECYeHMHOL MIKPOCKONIL.
B.Yopriil, O.9yxosa, 10.Xuxcnuii, C.IHedinvro, C.A.Hedinvrxo, K.Tepebinenro, M.Caobodanur,
J.Ezyi, JI.Biano, B.Boiixo, C.Bipxo, O.I'omenwx.

IlpexcraBieno pes3yabTaTU CUHTE3Y Ta BUBUEHHA XapPaKTEPUCTUK JIOMiHECIeHTHUX
30H[iB, IPUIATHUX VI BUSHAUEHHA ONTUUYHUX XAPAKTEPUCTUK OJIIKHBLOTO TIOJNA Ta MIPOCTO-
POBOTO POBIOAINY JOKaIbHOI TeMIeparypu. [Hociimkeno aBa Tunou MaTepiajyiB: JieroBani
iomamm Eu®* Bamagatu LaVO, Ta xommosurm NaAl(MoO,),/Al,O,, xerosami iomamum Cr®*.
ITokazano, 110 cyOMIKPOHHI YaCTUHKM 3a3HAUEHMX MAaTepiaJiE MOMKYyTh OyTHM BUKOPUCTAHI
I8 POSPOOKM JIIOMIHECIIEHTHHNX 30HIIB OJMMKHBOIIOALOBOI OIITUYHOI MiKPOCKOIIii.
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1. Introduction

Several branches of modern technologies
require the characterization of materials
and components with a spatial resolution
smaller than the micrometer. This concern,
for instance, optical or plasmonic devices
composed of nanoparticles or other nanos-
tructured objects. For such structures, it is
important to observe the localization of the
optical near-field and/or to observe the
propagation of surface optical waves like
plasmon polaritons [1]. Similarly, in the do-
main of thermal science, the microelectron-
ics industry needs to determine how nanos-
cale devices heat up and how their heat is
released in the local environment [2]. In
that case, it is important to determine the
local temperature of the devices. Other ap-
plications like nancheaters for biochemical
applications [3] or like thermal modulators
for integrated optical communications [4],
need to be tuned in temperature very pre-
cisely in order to get the desired effects.
For these applications in thermics, spatial
resolution of the majority of existing con-
tact temperature transducers (thermocou-
ples, liquid thermometers) is limited to the
sub-millimeter region, far from the ex-
pected needs [5]. This problem can be solved
by using luminescence thermometry. In
such technique, the temperature of the ob-
ject is measured by detecting the radiation
of the luminescent probe which is either
introduced in the composition, set in con-
tact or diluted inside the object if it in-
volves a liquid. The spatial resolution is
then determined by the dimensions of the
luminescent probe. This probe should con-
tain a fragment (micro- or nano-cluster) of
luminescent substance that possesses a well-
defined temperature-dependent emission
spectrum.

In this work, results on synthesis and lu-
minescence characterization of luminescent

probes for applications in near-field optical
characterization and for the measurement
of local temperature are presented. We will
show that submicron-sized Eu-doped vanadates
particles can be used for development of the
luminescent probes for near-field optical appli-
cations. We will also show that chromium-
doped composites (NaAl(M0O,),/Al,03).Cr ex-
hibit a strong luminescence that could be
used for local temperature measurements.

2. Experimental

Synthesis. The Laq,Eu,VO,, powders
were synthesized by two methods, namely
the Solid State method and Co-Precipitation
Method. The phase composition and crystal
lattice parameters were determined using
X-ray DRON-8M (Cug,-radiation with a Ni
filter) and Shimadzu LabX XRD-6000 (Cugy,
-radiation) diffractometers. The microstruc-
ture of the compounds was studied with a
scanning electron microscope (SEM) Hita-
chi S - 2400. The SEM images of the objects
under investigation (Fig. 1) show particles
of different shape which posess average di-
ameter near 2 um for solid-state reaction
and near 0.5 um for co-precipitation synthe-
sis method. One can see from Fig. 1 (b)
that, in the case of co-precipitation of com-
ponents, the crystallite surface is more
loose and porous, and the particle sizes are
about four times lesser than those obtained
in the case of the solid state method. Thus,
it is possible to get material with powder
grains of smaller sizes (about several hun-
dreds of nanometers) applying co-precipitation
procedure of synthesis.

Composites (NaAI(MOO4)2/AI203):Cr3+ were
obtained during slow cooling of a high-tem-
perature melts from Na-Al-Mo-O system. The
phases were identified by optical microscopy,
powder X-ray diffraction and IR spectros-
copy. Diffraction patterns were obtained with
automatic powder diffractometer Shimadzu

Fig. 1. The SEM images of the (a) La, ,Eu, VO, obtained by the solid state, x = 0.1; (b)

La,Eu, VO,

obtained by co-precipitation synthesis method, x = 0.1; (¢) composite NaAI(MoO4)2:Cr33+/AI203:Cr3+
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Fig. 2. Luminescence spectra of the (a) La,,Eu,VO, powders synthesized by the co-precipitation
method, T = 10 K, A, = 800 nm, x = 0.05 (1), 0.1 (2), 0.3 (3); and (b) NaAl(MoO,),.Cr3*/Al,0,:Cr3*
composite, T = 4.2 (1), 60 (2) and 90 K (3), A,, = 473 nm.

XRD-6000 (Cuy,, radiation, A = 0,154178 nm.)
Microphotographs of the samples (coated
with a graphite layer) were obtained with
an electronic microscope JEM-100 CX II
(Jeol). The analysis of the composite struc-
ture established that Al,O; particles (size
80-220 nm) with irregular morphology were
incorporated into NaAl(MoO,), crystals on
its surface (Fig. lc).

3. Results and discussion

Luminescence properties. Photolumines-
cence and PL excitation spectra in UV and
visible (VIS) region of spectra were obtained
in 4.2 - 300 K temperature range. Investi-
gated samples were put in helium flow-type
cryostat. PL spectra were analyzed using
secondary monochromator/spectrometers:
single monochromator MDR-23 and double

monochromator DFS-12 equipped with
photomultipliers FEU-100 and FEU-79, re-
spectively.

Luminescence spectra of LayEu,VO,

powders contain narrow spectral lines in the
580 - 720 nm spectral range. Profiles of the
spectra depend on the Eu3* concentration
(Fig. 2a) and do not depend on excitation
wavelength in the whole spectral range in-
vestigated (90 - 330 nm). The peak positions
of the spectral lines are located at 587, 621,
687 and 698 nm. The marked lines are bet-
ter seen for the samples with the lowest Eu
concentration (x = 0.05, curve I in Fig. 2a).
These lines are clearly revealed at concentra-
tion x = 0.1 for the samples obtained by the
co-precipitation method (Fig. 2a, curve 2).
For the samples with x = 0.3, the noted
lines disappear.
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The whole spectral region covered by
monochromators (850 — 1200 nm) and 4.2 —
300 K temperature range was examined in
experiments for NaAl(MoO,),:Cr3*/Al,05:Cr3*
composites. It was found that the investi-
gated composite samples reveal several emis-
sion bands only between 680 and 820 nm.
The most intensive bands of this emission
peaking at 692.5, 693.8 and 740.6 nm are
denoted as Ry, R; and R, respectively (Fig.
2b). As Fig. 2b shows, intensity of R band
decreases relatively to intensity of R; band
when the temperature increases from 4.2 to
90 K.

We ascribed emission of our samples in
740 - 820 nm region, including the R band,
to emission of Cr3* ions in NaAl(MoO,),
host, taking into account the recently re-
ported data [6, 7]. In such crystals the Cr3*
ions are in octahedral oxygen coordination
occupying positions of AIR* ions. A sharp
intensive emission band of NaAl(MoO,),:Cr
crystals peaking at 740.5 nm was identified
as the so-called R-band of Cr3* emission [7].
This band originates from spin-forbidden
electronic transition 2E — 4A2 of Cr3* ions
in octahedral oxygen coordination. Less in-
tensive emission bands in 743 - 770 nm re-
gion (see Fig. 2b) represent the vibronic
structure of the R band. A detailed assign-
ment of these vibronic lines was done by
Hermanowicz and co-authors [7]. In our
samples, where Cr3* concentrations are com-
paratively low (< 0.1 mas.%), intensities of
all bands of Cr3* emission in the molybdate
host decrease to zero when the temperature
reaches 100 K. At higher Cr3* concentra-
tions (2 mas.%), they also continuously de-
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Fig. 4. Microphotographs (image size 44 umX30 um) of NaAI(MoO4)2:Cr3+/AI203:Cr3+ deposited parti-
cles on a glass substrate: white light image (a) and luminescence image (b). All the surface was

illuminated by the laser beam.

crease with temperature, however being ob-
served up to 300 K [7].

It should be also noted that Cr3* ions in
octahedral oxygen coordination are often
characterized by a pair of R lines due to
crystal field splitting of 2E state. However
only a single R line is always observed for
NaAl(MoO,),:Cr and NaAl(WOQ,),:Cr crystals
[8], in contrast to other molybdate crystals
with the same general formula, e.g. for
KAI(MoO,),:Cr [7]. This feature was attrib-
uted to peculiarities of the site symmetry of
Al ions in these crystals.

Scanning probe microscopy of the optical
near-field distribution.

The possibility of using submicron parti-
cles of the La;Eu,VO, and
NaAl(MoOy,),:Cr3*/Al,05:Cr3* composites for
near-field optical imaging was investigated.
Details of the experimental setup can be
found in [9]. A luminescent La;_Eu,VO, par-
ticle (diameter between 200 and 400 nm) was
stuck on a sharp needle (similar to a scanning
tunneling microscope tip) using a microma-
nipulation system. A thin silver layer (thick-
ness about 100 nm) with holes of diameter up
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to 500 nm was deposited on a SiO, sub-
strate and was used as a sample on which
the optical near-field distribution is stud-
ied. The sample was illuminated from the
bottom side (in transmittance mode) by a
diode-pumped laser with a radiation wave-
length of 532 nm. For this experiment, the
sample was set on a piezoelectric platform
which was moved during the scanning pro-
cedure. The tip with the attached particle
(microscope cantilever) worked in the tapping
mode. The luminescence of the La;,Eu,VO,
particle was collected with a microscope ob-
jective and sent to a photomultiplier tube
after spectral filtering to eliminate the ex-
citation light. The emitted light was de-
tected between 600 nm and 640 nm which
corresponds to the main luminescence peaks
of Eu3* ions. The topography of the sample
and the luminescence intensity were re-
corded and images were reconstructed with
a computer system. During the scanning
process, it is expected that the luminescence
intensity increases when the particle is located
above the holes in the silver film. The main
goal of the experiment is to show the possibil-
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Fig. 5. (a) White light image of the surface with dispersed particles (image size 87 pmX69 um); (b)
luminescence image of a single particle indicated by the arrow (only this specific particle was
illuminated); (¢) PL spectrum of the single particle, A, = 405 nm.

ity of wusing such submicron luminescent
La;,Eu, VO, particles for imaging the near-
field in the vicinity of miecro and nanostruc-
tures illuminated in the visible spectral range.

The sample topography is shown in Fig. 3a.
The black regions in the figure correspond
to the holes in the silver layer. The lumi-
nescence of the particle recorded when scan-
ning the sample (see Fig. 8b) clearly shows
a strong increase of intensity when the par-
ticle is situated above the holes. No lumi-
nescence is recorded when the tip is not
situated above a hole. The lateral resolution
depends on the particle size and is around
300 nm in that experiment.

The NaAI(MOO4)2:Cr3+/A|203:Cr3+ compos-
ites as possible luminescence probes for sur-
face temperature sensors.

The main goal of the experiments de-
scribed below concerns the possibility to use
NaAl(MoOy,),:Cr3*/Al,05:Cr3* composites as
luminescence probes for temperature meas-
urements with sub-micron spatial resoclu-
tion. For that, we dispersed the composite
on a glass substrate and illuminate the sur-
face with a 532 nm laser radiation to induce
luminescence. A white light microphotography
and luminescence image of the
NaAl(MoO,),:Cr3*/Al,05:Cr3*  composites are
shown on Fig. 4. As we can see on the image,
the powder is composed of clusters with size
ranging between several hundreds of nanome-
ters to several micrometers. Some of the parti-
cles, indicated by the arrows on Fig. 4a, are
strongly luminescent, and could be used as new
thermal probes for temperature measurements.
We show in Fig. 5 another example of im-
ages of the composite. In that case, the sur-
face was illuminated with a blue laser beam
(405 nm) focused on a specific particle (in-
dicated by the arrow). We also show a spec-
trum of such particle which clearly indi-
cates two luminescence peaks related to
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transitions of Cr3* ions in Al,O; hosts
(sharp intensive R - lines). Since the rela-
tive intensity of these two lines is strongly
temperature dependent [10], such particles
can be definitely used for preparation of
luminescence probes - temperature sensors.

4. Conclusions

The results on synthesis and luminescence
characterization of luminescent probes for ap-
plications in near-field optical charac-
terization and for the measurement of local
temperature are presented. It was shown that
submicron-sized Eu-doped vanadates particles
can be used to develop luminescent probes for
near-field optical applications. The chro-
mium-doped composites
(NaAl(MoQ,4)o/Al,05):Cr exhibit a strong lumi-
nescence that could be used for local tempera-
ture measurements with high spatial resolu-
tion.

This work was supported by CNRS and
NASU agreement project EDC 25191.
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