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In this work, we present a method for performing analysis of the chemical composition and optical
properties of materials using In-Air Plasma-Induced Luminescence. This is achieved by interaction
of a focused high-energy laser with air, an interaction that produces a sub-millimetric plasma. The
energetic electrons generated and accelerated in the plasma at energies higher than 5keV reach the
target surface of the sample to be analyzed, causing luminescence emission and plasmonic reso-
nance. Each material is characterized by different chemical and optical properties that can be deter-
mined with the above-described technique. As such, our method allows obtaining an exact analysis
of the sample, covering surfaces in the range of tens of mm?, in only a few minutes. We show that
the acquired information with our method is identical to what obtained with more sophisticated
methods, such as SEM-cathodoluminescence and photoluminescence. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4973467]

In the last decades, strong effort has been put into
research of innovative techniques in the field of Physics and
Chemistry applied to the introduction of innovative and low
cost methods for the diagnostic of materials. Currently,
many groups worldwide explore the possibility of develop-
ing improved diagnostics' where the main challenge is to
obtain the most information available without provoking
damage to the materials.”

Chemical information on the materials is obtained using
surface spectroscopies (such as Photoluminescence, Raman,
X-ray photoelectron spectroscopy (XPS), X-Ray-Fluorescence
(XRF), and Energy Dispersive X-ray Fluorescence (EDX)
in SEM). The complete chemistry of the bulk material is
retrieved using more sophisticated (and expensive) nuclear
physics techniques such as Proton Induced X-ray and Gamma
Emission (PIXE and PIGE).*’

All these diagnostics present several limitations. Raman
and photoluminescence spectroscopy techniques require
sophisticated spectrometers and lasers.® SEM and XPS must
be taken under vacuum conditions. PIXE and PIGE require
the employment of small conventional particle accelerators
(typically ranging from a few keV to maximum a few MeV)
that are located in dedicated laboratories since their opera-
tion requires particular analysis conditions (e.g., ultra high
vacuum conditions and strongly controlled temperature).’
Additionally, these tools are able to analyze directly only
small surfaces (their beam spot sizes are generally in the
order of um?), which makes a complete analysis on a larger
surface very time consuming (pencil-scanning analysis).

In this framework, luminescence methods (cathodolumi-
nescence (CL), photoluminescence, and ionolumines-
cence)®'? assume particular relevance in different scientific
fields (from mineralogy to semiconductor physics to nano-
technology) for their ability to identify the chemical compo-
sition of materials with a resolution of a few ppm and the
individuation of plasmonic resonances (PR). Luminescent
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materials are mostly solid inorganic materials consisting of a
host lattice with impurities. The impurity concentrations gen-
erally are low in view of the fact that at higher concentra-
tions the efficiency of the luminescence process usually
decreases (concentration quenching). The absorption of
energy, which is used to excite the luminescence, takes place
by either the host lattice or by impurities. In most cases, the
emission takes place on the impurity ions, which, when they
generate also the desired emission, are called activator ions.
The luminescence emission can be induced by different
methods (i.e., high energetic electron or ion irradiation, heat-
ing a sample to a temperature in the range between 300 and
600°C, or by UV Ilaser irradiation). While photolumines-
cence can be taken in air using a simple UV laser, most other
methods such as cathodo- or iono-luminescence require a
more complex setup, e.g., the need to be operated under
SEM and vacuum conditions. Nevertheless, these latter
methods are crucial for distinguishing structures, in particu-
lar when it comes to observe plasmon emission in metals or
in nanostructured materials.

In this paper, we show that it is possible to perform
cathode-luminescence measurements without using a SEM
and stringent vacuum conditions. For this purpose, we intro-
duce a laser-based in-air setup for obtaining a complete
chemical analysis of the materials at its surface and within
its bulk (within a depth of about 2 um from the surface)
based on the study of luminescence emission induced by the
plasma radiation (Plasma-Induced Luminescence, PIL). We
use the beta radiation produced in the laser-plasma interac-
tion for generating cathode-luminescence and plasmonic
emission and from there obtain the chemical composition of
the material is obtained. The electron energy produced dur-
ing the laser-plasma interaction is in the order of a few tens
of keV. According to the NIST database,'’ the mean free
path in air for electrons with mean energy in the order of
tens of keV is several centimeters; this guarantees that the

Published by AIP Publishing.
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produced electrons reach the sample surface with sufficient
energy (up to the tens of keV level).

The effectiveness of our method is tested on three differ-
ent materials with diverse density and chemical properties:
metals (Gold), insulators (a scintillator with a layer of alumi-
num oxide with a thickness of about 500 nm deposited on an
aluminum substrate), and minerals (Marble—a mineral com-
posed by a matrix of CaCO5 with insertion of different impu-
rities (such as Mn, Si, Al, Ca, Fe, and T1i) residuals of natural
growth). We demonstrate that our method reveals the plas-
monic emission from metals as well as the intrinsic lumines-
cence of oxide or the emission induced by impurities in
minerals. In addition, while conventional luminescence tech-
niques are able to characterize only surface areas in the order
of a few microns (invested area from laser, electron, or ion
beams), Plasma-Induced Luminescence is able to analyze a
surface area in the order of tens of mm? in only a few
minutes. At current, our setup requires a sophisticated laser
system, similar to the case of Raman and photolumines-
cence. Nevertheless, several reasons are in favor of our
approach:

(1) The aim of our paper is to investigate an in-air
method for analysis of materials based on laser-plasma elec-
tron acceleration, which can be competitive and an alterna-
tive respect to usual methods applied in material science, in
particular, for the analysis of macromaterials and macro-
structures. (2) Laser-plasma electron acceleration is becom-
ing a field in which more and more routinely particles can be
accelerated with less expensive laser systems. Considering
the current trend of high-power laser technology (and associ-
ated costs), it is not impossible that these laser-systems will
soon be accessible at a more reasonable price and be compet-
itive to other techniques.

The air plasma was generated by the interaction of a
strongly focused-down high-energy laser, the Advanced
Laser Light Source (ALLS) few-cycle infrared (IR) beam-
line, with air. The ALLS source provides a 3 mJ, 15 fs laser
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pulse, centered at 1.8 um with a repetition rate of 100 Hz.
The energy stability of the pulse is approximately 2.5%
rms.'* The experimental setup, shown in Figures 1(a) and
1(b), consists of a series of transport optics, an on-axis parab-
ola, and a series of imaging lines for the plasma analysis and
luminescence collection.

The luminescence emission was stimulated by the por-
tion of plasma radiation collected through a hole with a diam-
eter of 6 mm placed at a distance of 6 mm from the center of
the plasma. The investigated area on the target surface can be
modulated by changing the dimension of the hole, allowing
analyzing areas from a few um? to cm”. Luminescence emis-
sion at an angle of 45° was collected by a lens positioned at
4.5cm from the irradiated target (focal distance) and trans-
ferred through an optical fiber to a spectrometer working in
the UV-Visible (VIS) range (VIS-140 Horiba). Each lumines-
cence spectrum was collected with an acquisition time of
120s in order to allow for a sufficient signal/noise ratio.

All the experiments were conducted in darkness for
eliminating possible sources of background light that would
add noise to the measurement. We irradiate three samples
(gold, aluminum oxide, and marble) that have a well-known
luminescence emission stimulated for both, photons and
electrons. This allows a direct comparison of our results with
those present in literature and from there to attribute the
emitted luminescence to different components within the
plasma radiation (all the data will be compared with estab-
lished luminescence data bases (see Ref. 14 and reference
therein).

The plasma produced in the interaction between the
laser beam and air is visible in optical images shown in
Figure 1(a). The plasma displays a spheroidal shape with
axes of 2 and 3mm and a photon emission in the visible-
Near Infra-Red (NIR) region with 5 lines at 1.5, 1.97, 2.12,
2.23, and 2.44eV. The absence of an UV line in the plasma
excludes the possibility of photoluminescence emission com-
ing from the target sample. Furthermore, a Faraday cup reads

FIG. 1. (a) Photographs of the experi-
mental setup for air plasma generation
with details about the mask protecting
the sample, (b) sketch of experimental
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a negative current of about 40 pA in the entire region around
the plasma, at a distance of up to 20 cm from the plasma cen-
ter, indicating the presence of electrons produced in the
plasma and isotropically accelerated.

The first evidence of air-plasma-induced luminescence
is visible in Figure 2(a) where the image of the plasma,
through a slit, was taken on the surface of the aluminum
oxide sample. The green-red colored emission shows a spec-
trum composed by 10 bands (summarized in Table I) typical
of aluminum cathodoluminescence (CL) and plasmonic reso-
nance (PR). In particular, the 237, 333, 403, 507, 750, and
770nm bands are attributed to the CL emission generated
from intrinsic defects (anion vacancies) present on the sur-
face of the aluminum oxide sample (see Ref. 15 and referen-
ces therein). To be noted that the aluminum oxide sample we
used was composed by a thin layer of aluminum oxide
(thickness in the order of 500 nm) deposed onto an aluminum
bulk. Electrons with a mean energy of 5-20keV penetrate
into the bulk up to a depth of a few microns, therefore inves-
tigating both, the aluminum oxide layer and the aluminum
structure. This explains some spectral features of metallic
aluminum in the aluminum oxide spectrum. The characteris-
tic lines for all these elements can be found in literature only
when observed under CL-SEM conditions; considering that a
SEM works with electron energy above 20keV, this indi-
cates that our findings are induced by electrons with at least
this energy.'* The 540, 576, and 670 bands are attributed to
plasmonic resonance on the aluminum, generated by elec-
trons with a minimum energy of 5keV.'® EDX spectra
(Figure 2(c)) of the scintillator indicate merely the presence
of Al, O, and C on the surface, confirming the equivalence of
the luminescence bands. Similar results are obtained for all
the other materials (see Figure 3). Luminescence of the mar-
ble (Figure 3(a)) reveals six bands in the region 300-600 nm.

0 nm 507 nm
576 nm

Luminescence Intensity (x 104 photons/s)

200 400 600 800
Wavelength (nm)

° (€)

Al

0.80 1.60 240 3.20 4.00

Photon energy (keV)

FIG. 2. Luminescence emission from the aluminum oxide sample; (a) photo-
graphs showing the emission, (b) spectrum, and (¢) EDX analysis of chemical
composition. The red curves indicate the multi-peak Gaussian peak while the
green curves indicate the single Gaussian curves included in the fit.
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TABLE I. Summary of plasma-induced luminescence bands.

Gold (nm) Aluminum (nm) Marble (nm)
530 237 305
599 333 337

403 398

507 519

540 506

576 577

670

750

770

811

All the bands can be attributed to CL-SEM (>20keV) emis-
sion from intrinsic defects (lattice vacancies) or to Mn>"
external impurities (the presence of Mn impurities was con-
firmed by EDX spectra in Figure 3(b)).14 We can exclude the
presence of photoluminescence emission due to the absence
of bands in the range from 600 to 700nm."* On the other
hand, the plasma spectrum (Figure 1(c)) does not show pho-
tons in the UV region (>3 ¢eV). Luminescence emitted from
the pure gold target (see Figure 3(c) for a luminescence spec-
trum and Figure 3(d) for the EDX analysis) indicates the pres-
ence of two bands at 530 and 599 nm, both attributed to gold
plasmon resonance induced by irradiation of electrons rang-
ing from SkeV to 30keV.!”'® The efficiency of electron-to-
photon conversion for the plasmon emission from gold (for
the plasmons at 530nm and 599 nm, and considering elec-
trons with an energy between 5 and 30keV) is about 10~*
photons per incident electron.'® The maximum photon num-
ber calculated from the luminescence spectra is about
2.5 % 10* photons/s (see Figure 3(c)); this yields to an elec-
tron incidence of about 2.5 x 108 electrons/s, which is close
to the current measured by the Faraday cup (about 40pA).
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FIG. 3. Luminescence emission and chemical composition for the Marble
(a) and (b) and Gold target (c) and (d). The red curves indicate the multi-
peak Gaussian peak while the green curves indicate the single Gaussian
curves included in the fit.
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The exact correspondence between the measured electron
current on the sample surface and the photon rate/production
clearly indicates that the plasma-induced luminescence can
exclusively be attributed to the electrons produced and accel-
erated within the plasma.

In this work, we demonstrated that it is possible to gen-
erate luminescence from materials exposed to a laser gener-
ated air-plasma, obtaining a precise analysis of the material
composition. The results related to the chemical composition
of the materials obtained with our technique are identical to
those of more complicated and complex methods such as
SEM cathodoluminescence, photoluminescence, and analy-
sis of plasmonic resonance. We test three different materials,
aluminum oxide, gold, and marble, confirming that for all
materials plasma-induced luminescence is able to induce
luminescence emission from structural defects and plasmon
resonance. Plasma-induced luminescence is attributed to the
interactions between the electrons produced and accelerated
around the plasma (in the laser-air interaction) and the sam-
ple material. Finally, if one estimates the electron energy to
be between 5 and 30keV, one is able to investigate within
2min a large surface in the tens of mm?” range with a pene-
tration depth varying from 2 um for the gold and marble
samples up to 6 um for the aluminum oxide sample.

We thank J. C. Kieffer, S. Payeur, and S. Fourmaux for
their support and P. Sapia for borrowing the spectrometer
and useful discussions. This work was supported by FRQNT
(nouveaux chercheurs, Grant No. 174726, Equipe 2016-PR-
189974) and NSERC Discovery Grant (Grant No. 435416).
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