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Abstract

The aim of this paper is to present the analytical
capabilities of the nuclear microprobe for the char-
acterization of ceramics. The nuclear microprobe
uses the interactions of a focused ion beam of MeV
light ions ('H,’H,3He, *He, ..) with a solid target to
determine local elemental concentrations at the pm’
scale. The main analytical techniques are based on
the spectrometry of the induced X and gamma-rays,
and of the particles scattered or produced by nuclear
reactions. Examples are shown such as concentration
profiling of additives and dopants in alumina, oxy-
gen-18 diffusion profiles and interfacial enrichment
in nickel oxide scales grown under external mechan-
ical loading, local oxygen stoichiometry and carbon
contents in superconductor oxides, boron and carbon
determination for local characterization in multi-
phase quaternary borocarbides. © 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

The atomic and nuclear interactions of MeV light
ions with a solid target have lead to the develop-
ment of analytical techniques for surface or thin
film characterization. Since the early sixties, like
for the development of other analytical probes, the
continuous trend have been to the decrease of the
size of the ion beam, from millimeter to micron
size. Since the lateral resolution of ion beam based
measurements is directly connected to the size of
the probe, the nuclear microprobe measures the
microdistribution of the elements, sometimes 3-
dimentional when depth profiling is possible.

In the MeV range, when penetrating a specimen,
the great majority of the ions of the beam follows
straight lines, losing gradually their energy by
electronic interaction. A few of them are scattered
by the nuclei and, for the closest impact para-
meters, nuclear reactions may occur on light nuclei.
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The rate of energy loss, dE/dx, measured in units
of MeV(gem™2), can be calculated from the
weighted mean of the dE/dx values for the con-
stituent elements with only very slight dependence
on the chemistry (Bragg rule). As these stopping
powers are known with a good accuracy (~3% for
energies between 1 and 4 MeV), the nuclear
microprobe gives reliable depth information.!

The first nuclear microprobe was built as early as
1969 at the Harwell research centre (UK).> The
number of facilities is still increasing and nearly 60
nuclear microprobes are in operation all over the
world. The nuclear microanalysis is applied to
various fields such as solid state physics, metal-
lurgy, geochemistry, life sciences, environmental
science, archeology,.... In materials science, its
ability to measure light elements by means of
nuclear reactions is used for local elemental depth
profiling or stoichiometry determinations.

The aim of this paper is to give an overview of
the analytical capabilities of the nuclear microp-
robe for the characterization of oxides and cera-
mics. One of the most important feature of the
nuclear microprobe is that it produces a wide vari-
ety of different analytical signals which can be
combined together. We will present the basic prin-
ciple of single techniques and a few examples which
associate two or more different signals.

2 Particle Induced X-ray Emission (PIXE)

Like for the X-ray emission induced by electron
bombardment, when an atom is excited or ionized
by the ions of the beam, the relaxation of inner-
shell vacancies leads to the emission of X-rays
characteristic of the elements, in the 1-30keV
range.’ Compared to the electrons, the ions induce
much smaller bremsstrahlung radiation back-
ground, because of the higher mass of the ions. As
a consequence, the elemental sensitivity of PIXE
is then usually enhanced by a factor 10-100.*



Figures 1(a) and (b) show the spectra obtained on
an Al,O5; sample doped with calcium, for 20 keV
electrons and 3 MeV protons, respectively. The
reduction of the background under the bombard-
ment of the protons enhances the Ko line intensity
of the calcium (note that the choice of 3 MeV was
driven by the need of multielemental analysis,
1 MeV being a better choice for the sensitivity on
calcium determination).

For 3MeV protons, the maximum sensitivity is
obtained for two ranges of atomic numbers,
25<Z <35 and 75<Z <85, corresponding to the
maximum of the cross-sections of inner-shell ioni-
zation for K and L levels.*

The energy spectrum of the X emission can be
treated by means of simulation programs which
enable to unfold the signals from all the elements
above Z=10 in the specimen, although inter-
ferences by major elements can sometimes severely

limit the sensitivity for detecting particular trace
elements. The GUPIX software is one of the most
popular.®

PIXE is by far the most used technique for
nuclear microprobe measurements, but rather for
biological applications than for materials science.
The high sensitivity of the method enables the
reduction of the local density of ions when a high
lateral resolution is required (i.e. with a beam size
from 1 um to a few 100nm), especially for high
resolution X-ray imaging. Although developed for
the determination of trace elements, the PIXE may
be also used for the major and minor elements, in
association with the others ion beam techniques.

X-spectra do not contain depth information but
the analyzed depth depends mainly on the energy
of the photons (from within a um to a few 10 um).
Assuming the homogeneity of the sample, a specific
depth might be probed by the choice of the energy
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Fig. 1. (a) X-ray spectrum induced on calcium doped alumina
alumina by

by 20 keV electrons. (b) X-ray spectrum induced on calcium doped
3 MeV protons.



of the ions of the beam. The main features of PIXE
are summarized in Table 1.

Figure 2 shows an example of the use of PIXE
for a line scan of a stacked sample of doped Al,Os.
The layers alternate different doping elements and
the relative concentrations of the impurities range
from minor to trace levels. In order to study the
influence of these doping elements and additives on
the grain growth rate and anisotropy during the
sintering process, investigations on the micro-
structure have been correlated to their concentra-
tion levels. The concentration profile has been
measured with an unfocussed beam (~40
x 50 um?) in order to get a mean concentration on
several grains of the alumina.®

3 Elastic Scattering

The scattering of light ions by the coulomb
repulsion of a nucleus is the basis of a family of

techniques among which the Rutherford Back-
scattering (RBS) is the most used for its accuracy
and simplicity.”

An ion scattered at backward angle loses more of
its energy in a collision on a light nucleus than on
an heavy one. The energy spectrum of the back-
scattered ions then allows the identification of the
mass of the nuclei of the target. For thick targets,
because of the energy loss of the ions entering and
leaving the sample, the energy spectrum is con-
tinuous. Depth information may be extracted from
the energy shift from the surface steps.

The analyzed thickness and depth resolution are
related to the energy loss of the ions. The higher
the loss, the higher the resolution. So, the perfor-
mances of RBS depend on the nature of the target,
on the nature of the ions and on their energy.
Depth resolutions in the order of a few 10 nm may
be achieved with “He beams, but rather a few

100 nm with protons because of their lower energy
loss (cf. Table 1).

Table 1. Overview of the main features of ion beam based analytical methods

Method

Field of application

Probed Depth
depth (um)®  resolution
(nm)*

Sensitivity
(wt ppm)

PIXE (particle induced X-ray emission)

RBS (Rutherford backscattering spectrometry)
PESA (particle enhanced scattering analysis)
ERDA (elastic recoil spectrometry)

NRA (nuclear reaction analysis)

PIGE (particle induced gamma-ray emission)

Trace and major elements (Na to U)
Thin films. Heavy elements
Light element (Li to Si)

0-1-20 500-103 1-100
107310 15-30 100-103
102-10""' ~afewnm 103-10*

Hydrogen isotopes 10-1-10 20-40 10-100
Light element (H toS) 10-1-10 5-500 1-103
Minor and minor element (li to Ga) 10-50 500-103 100-103

“The probed depth and depth resolutions are related to the energy losses of the ions. According to the nature and to the energy of
the ions, these quantities may vary from several orders of magnitude.
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Fig. 2. PIXE longitudinal concentrations profiles measured on an alternate doped stacked alumina sample.



As the cross-sections of RBS are proportional to
the square of the atomic number of the elements,
the sensitivity is high for the heaviest (a few
100 ppm) but low for the lightest. Fortunately,
resonances and enhanced elastic scattering may
occur for some values of the energy of the incident
ion (PESA for Particle Enhanced Scattering Ana-
lysis), depending on its nature and related to the
nuclear structure of light elements from He to Si.
These cross-sections are 1-3 orders of magnitude
higher than Rutherford ones.5!°

For instance, the use of a “He ™ beam allows the
combination of RBS for the analysis of the cations
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and resonant scattering for the oxygen, by means
of the 'O(a,a)'®O resonance at 3-045MeV. The
maximum cross-sections of this resonance are
about 15 times higher than Rutherford cross-sec-
tions. Since the sensitivity on oxygen is greatly
enhanced, a whole elemental composition may be
determined in a single measurement. Used with a
microbeam, RBS mapping allows to seek for pos-
sible lateral heterogeneities or local stoichiome-
tries.

Figure 3(a) and (b) shows a typical spectrum and
an example of mapmaking, obtained with
3-05MeV “He ™" on a thin film of a superconducting

340 pm

Fig. 3. (a) RBS spectrum on a Tl,Ba,CaCu,Og superconducting film deposited on LaAlOs. (b) RBS map of thallium.



oxide Tl,Ba,CaCu,0g deposited on a single crystal
of LaAlO;.!! These films are obtained by ex situ
oxygen annealing of precursor amorphous films,
deposited at room temperature with a multitarget
sputtering system. The rapid loss of thallium by
volatilization of thallium oxide represents one of
the major difficulties for obtaining pure phases
from the precursor film. .

The superconducting film is about 6000-7000 A
thick. Since the 3-045MeV resonance is narrow
(10keV), the “He™ ions of the beam reach the

(@)
300 T

250 T

100

50 +

°0(d,p1)'’0

energy of the resonance at the top of the film only
(~2000A). When they reach LaAlOs;, as they have
lost a sufficient amount of energy, the helium ions
no longer induce enhanced scattering on oxygen.
It enables to measure the oxygen content in the
film without interference with the oxygen of the
substrate.

The spectrum of Fig. 3(a) has been measured by
scanning the *He* microbeam on an area of 340 x
340 um?. The matrix of Fig. 4(b) has been con-
structed by selecting an energy window in the
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Fig. 4. (a) NRA spectrum of protons induced by 1-4 MeV ?H on YBaCuO. (b) Longitudinal scan of oxygen stoichiometry in a non-
reoxygenated textured YBaCuO sample.



spectrum at the thallium step. Each pixel corre-
sponds to the integral of the counts recorded in
this window for each individual position of the
beam (128x128 points with a microbeam of
2-5x2-5um?). The spectrum of a selected zone
within the scanned area may be also reconstructed
by selecting given pixels only.

The RUMP program package'? has been used
for data reduction by simulation and fit of the
spectra. Within the same area, the film is rather
homogeneous, but long distance lateral hetero-
genities of the composition have been observed
from one zone to another. However, despite these
stoichiometric variations, the sample has been
found always fully oxygenated.

A variation of the methods based on elastic
scattering is the Elastic Recoil Detection Analysis
(ERDA) where the recoil nucleus is detected after
its collision with the incident ion. ERDA is cur-
rently applied for hydrogen profiling in solids
using 2-4MeV “He™ ions. Detection limits of the
order of 50-100ppm may be attained with a
microbeam.!3

4 Nuclear Reaction Analysis (NRA)

This technique relies on the detection of charged
particles, neutrons or gamma-rays emitted in
nuclear reactions. The inelastic collisions between
the ions of the probe and the light nuclei of the
target lead to the formation of new nuclei, usually
with emission of particles differing from the inci-
dent ions.

To induce a nuclear reaction, the incident ion
must have enough energy to overcome the cou-
lomb barrier of the target nucleus. The higher the
atomic number, the higher the barrier is. Although
the energy of the ions of the microprobe is lim-
ited to a few MeV, the light elements from
hydrogen to sulfur may be analyzed with isotopic
selectivity 821415

As most of the reactions used for microanalysis
are exoenergetic, the emitted particles from nuclear
reactions usually carry higher energies than the
incident ions. These particles may then be dis-
tinguished from the backscattered ones. In some
cases, a mylar foil is inserted before the detector to
stop all the backscattered while the nuclear reac-
tion induced particles undergo partial slowing
down only.

Like for the elastic scattering, the energy spec-
trum of the emitted particles may be converted into
depth profile, but the depth resolution is often
slightly lower (=50nm) because of their lower
energy loss (cf. Table 1). Sometimes, an increase of
the depth resolution (5-10 nm) may be obtained by

the use of resonances with a strong increase of the
cross-sections for a very narrow energy window,
practically in the order of a few keV.

When a nucleus produced by nuclear reaction is
left on an excited state, the relaxation to its funda-
mental state induces the emission of characteristic
gamma-ray, ranging from a few hundred keV to
several MeV according to the nature of the
nucleus. The spectrometry of these gamma rays,
(PIGE for Particle Induced Gamma Ray Emis-
sion), is a sensitive method but has a poor depth
resolution and suffers from interferences in multi-
elemental samples.3%:1¢

The low cross-sections of nuclear reactions, in
comparison to PIXE or RBS, restrain the use of
NRA microbeam mapping. But, for the determi-
nations of stoichiometry, spot measurements give
reliable data on multiphase samples, containing
one or more light elements. To give an example,
quaternary borocarbides in the NiReBC (Re=
Rare Earth) and YPdBC systems form complex
compounds whose physical properties, super-
conductivity and magnetism, depend strongly on
the composition of minor phases.!” To try to iden-
tify the <active>> phases in the microstructure, the
local simultaneous determination of the con-
centrations of boron and carbon may be done with
a microbeam of *He. The nuclear reactions induced
by 3He ions are highly exoenergetic and the spectra
have a complex structure due to the great number
of nuclear levels involved. But, as the nuclear
reactions induced on boron isotopes are much
more energetic than those induced on carbon, the
individual contribution of each of them may be
easily unfolded. Thus, by a combination, in a single
measurement, of RBS to determine the cation
stoichiometry and NRA for the carbon and boron,
it has been shown that in the multiphase YPds
B3Cy.35, the superconducting phase had a compo-
sition close to YPd,B,C.!®

Another example may be shown for the char-
acterization of YBaCuO superconductor oxides.
The dependence of the critical temperature on the
oxygen stoichiometry of bulk samples is well-
known, but the seek for new synthesis routes needs
often local investigations to reveal the presence of
lateral heterogeneities, diffusion short-circuits or
barriers. Deuteron induced nuclear reactions allow
the simultaneous measurement of oxygen and
carbon.!” The Fig. 4(a) shows a typical proton
spectrum from induced reactions '°O(d,py)!’O,
160(d,p))'"O and '?C(d,py)'*C on an YBaCuO
superconductor oxide. The local oxygen con-
centration may be obtained from the p; group by
comparision to a reference sample and stopping
power calculations, practically independent of the
chemical state. The determination of the oxygen



stoichiometry needs to know the cation stoichio-
metry which may be deduced from the induced
X-rays spectrum, simultaneouly collected.

An advantage of the simultaneous measurement
of the carbon content from the '>C(d,p)'’C
nuclear reaction is to avoid an overestimation of
the oxygen stoichiometry due to the presence of
carbonates (synthesis residus, atmospheric surface
reactivity). In addition, as the proton spectrum is
depth resolved, one can distinguish bulk carbon
content from surface corrosion or contamination.
In principle, the oxygen depth distribution may be
checked also. But, as only small variations of the
oxygen content are expected, the counting statistics
do not allow to evidence abnormal depth profiles.

The simultaneous measurement of the gamma
spectrum give an intense peak near 871keV
emitted from the 'O nuclei produced by the
160(d,p,)!’O nuclear reactions. Although not
depth resolved, the PIGE technique is likely to give
the best precision (~1%) for oxygen stoichiometry
determinations in locally homogeneous zones.?°

Figure 4(b) shows a longitudinal scan of the
oxygen stoichiometry measured with a deuteron
beam on a textured YBaCuO, before the reox-
ygenation step (needed for the adjustment of the
superconductive properties). Significant variations
may be observed and high oxidation zones seem to
be correlated with the presence of cracks in the
microstructure of the sample.?!

A third example of the use of nuclear reactions
may be found in the study of oxygen diffusion in
NiO scales grown on stressed samples.>>?* To
investigate the influence of an external loading on
the growth of nickel oxide, monocrystalline nickel
samples have been mounted in a tensile machine
placed into an oven under controlled atmosphere
160,/180,. The growth is performed in 3 steps: a
former '°0O oxidation without load, a second oxi-
dation under a constant load (a few 10 MPa) and a
final run under '#0.

The oxide scales grown during creep tests show
periodic cracking with the cracks perpendicular to
the strain axis (cf. Fig. 5). The distance between
cracks depends on the intensity of the load, but the
mean wideness of the stripes is in the order of
10 pm.

Accurate oxygen-18 profiles have to be measured
either above stripes or across cracks. This may be
done with a 600-800keV proton beam by means
of the nuclear reaction '*O(p,a)!’N.>* Figure 6
shows the energy spectrum of the a ions induced by
780keV protons on a stripe of the most heavily
loaded (60 MPa) nickel (100) sample. As, in this
energy range, the variations of the cross-sections of
the reaction are small, the intensity of the signals is
nearly proportional the concentration. Stopping

Fig. 5. SEM micrograph of the NiO scales grown during creep
tests.

power calculations enable to convert the energy
scale in a depth scale. Although the 'O has been
introduced at the end of the run, a significant 80O
enrichment occurs at the oxide/metal interface.
These diffusion short-circuits are not observed for
lower loadings.

5 Channeling and Other Analytical Techniques

For a crystalline sample, the ions may be chan-
nelled along some peculiar directions of the beam
with respect to the sample. The modifications of
the yield of backscattered particles or X-ray emis-
sion give quantitative information about the lattice
disorder, the location of impurity atoms in the lat-
tice sites, or the composition and thickness of
amorphous surface layers.?’

Experiments on YBaCuO or BiSrCaCuO mono-
crystals have been held at the Oxford nuclear
microprobe with proton beams, on twinned crys-
tals to reveal the presence of strain due to the twin
structure (cf. Fig. 7), and on Fe-substituted crystals
to investigate the location of Fe with respect to the
Cu position in the lattice.?6-2%

Practically, the lateral resolution of micro-
channeling is limited to a few tens of microns
because of the damage built-up induced by the ion
beam itself during the measurement.>’

The recent developments of nuclear microprobe
techniques concern mainly the imaging of thin
samples (from 1 to a few 10 um). The Scanning
Transmission Ton Microscopy (STIM) is based on
the spectroscopy of energy losses of the incident
ions,*® sometimes in channeling conditions
(CSTIM).3! As nearly all the incident particles are
detected, only very low currents are required
(~10~15 A) which allows high lateral resolution
(~50nm) and induces low damaging. Although its
performances are significantly lower than the
transmission electron microscopy, the STIM tech-
nique enables the investigation of thicker samples.
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Fig. 7. Channeling with a 2x2 um? 2MeV proton beam on a
single crystal of YBaCuO. The columns correspond respec-
tively to the backscattered protons at shallow depth and dee-
per, to the X-ray from baryum (K lines) and to the secondary
electrons. The rows correspond to different misorientations
between the beam axis and the (001) direction (from Ref. 26).

The CSTIM technique have been applied to the
study of imaging of colomnar structures in 3C-SiC
thin films deposited on silicon,?? and to the ima-
ging of stacking faults on Si wafers about 10 um
below the surface of samples that are several tens
of microns in thickness.??

6 Conclusion
Because of the limited number of laboratories

operating MeV ion microbeams, ion beam based
microanalytical techniques are not extensively used

in materials science. Although one may find higher
performance techniques when either elemental
sensitivity, lateral or depth resolution are required,
the nuclear microprobe has the ability to perform
the three at once with a high accuracy on elemental
concentrations or depth measurements. The mea-
surements on the light elements by means of
nuclear reactions with isotopic selectivity is prob-
ably its most original feature.

In order to improve the access to these techni-
ques, the nuclear microprobe of the Pierre SUE
laboratory works as a national facility.
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