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Low energy ion scattering (LEIS) probes the elemental composition of the outermost atomic layer of

a material and provides static depth profiles of the outer ca. 10 nm of surfaces. Its extreme surface

sensitivity and quantitative nature make it a powerful tool for studying the relationships between surface

chemistry and surface related phenomena such as wetting, adhesion, contamination, and thin film

growth. The high depth resolution obtained in LEIS in its static and sputter depth profile modes are

useful for studying the layer structures of thin films. LEIS instrumentation has improved significantly in

recent years, showing dramatic increases in its sensitivity and further expanding its potential applications.

In this article, we provide a practical introduction to the technique, including a discussion of the basic

theory of LEIS, LEIS spectra, LEIS instrumentation, and LEIS applications, including catalysts, solid oxide

fuel cells (SOFCs), and thin films in integrated circuits.
1. Overview

Atoms at the surface of a material are generally in a different
chemical environment than those buried within the bulk. This
oen results in important compositional and morphological
differences between the surface of a material and its interior.
For example, surface-bound water molecules experience very
different environments than those in bulk water. Surface
composition is important because materials interact with their
surroundings through their surfaces, and many important
phenomena are governed by their surfaces, including wetting,
adhesion, contamination, reactivity, corrosion, and catalysis.
Because understanding these phenomena is so important, the
analysis of surfaces and interfaces has become an important
and specialized area of analytical chemistry.

Analyzing surface composition is challenging because, in
general, only a relatively small portion of amaterial is actually at
the surface and available for analysis. Surface analysis tech-
niques must be sensitive enough to obtain information from
a very small sample volume before damage from the analysis
signicantly alters the surface. They must also be sufficiently
discriminating to differentiate between signals originating from
the surface and bulk. The challenge of obtaining information
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from a surface oen increases as the depth of analysis
decreases—fewer atoms/molecules become available for anal-
ysis, and contamination or damage during the analysis become
increasingly important considerations. Depths of analysis in
surface studies range from a single atomic layer to a few
hundred nm.

In this work, we provide a practical introduction to low
energy ion scattering (LEIS). LEIS is an extremely versatile
surface analysis technique that is performed under ultra-high
vacuum (UHV) conditions. LEIS is specically sensitive to the
elemental composition of the outermost atomic layer of a mate-
rial, and additionally provides depth prole information about
its outer ca. 10 nm. Information from deeper within the mate-
rial can be obtained via LEIS sputter depth proling. Sensitivity
to the elemental composition of the outer atomic layer of
a material is LEIS's principle asset. Indeed, it is the only tech-
nique of which we are aware with its degree of surface sensitivity
and specicity. Therefore, LEIS is a powerful tool for under-
standing the relationship between surface composition and
material properties. Here we provide an overview of the basic
theory of LEIS, LEIS instrumentation, quantitation in LEIS, LEIS
depth proling, and applications of the technique to catalysts,
semiconductor materials, and solid-oxide fuel cells (SOFCs). In
particular, we discuss how recent advances in LEIS instrumen-
tation have dramatically improved the limit of detection of the
method. This article is not intended to be a comprehensive
review on the topic, but rather a practical introduction. A more
detailed description of the theory and development of the
technique can be found elsewhere,1–5 particularly in a review by
Brongersma and coworkers.6
Anal. Methods, 2016, 8, 3419–3439 | 3419
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2. Introduction to the theory of LEIS7

LEIS has existed as a technique since the late 1960's, but recent
advances in instrumentation have dramatically improved its
capabilities and applicability.1,2,6,8 Unlike X-ray photoelectron
spectroscopy (XPS) and time-of-ight secondary ion mass
spectrometry (ToF-SIMS), which sample the rst few nano-
meters of materials, LEIS is sensitive to their outermost atomic
layer.1,2,6,8,9 That is, XPS and ToF-SIMS give incredibly useful
information about the outer few nanometers of materials,
where to some degree they average this information, but they
struggle to provide denitive information about the nal
atomic layer of a material.10 Thus, LEIS occupies an important
niche that will likely become more important with time,
where, again, LEIS is a powerful tool for understanding the
relationship between surface composition and important
phenomena such as catalysis, wetting, diffusion, adhesion,
and adsorption.6,11–14 In this section, we discuss the basic
theory of LEIS, which will include an introduction to inter-
preting LEIS spectra.

Surface instrumentation is oen categorized based on the
probing species that is directed onto a surface and what
leaves it. In XPS, X-rays enter the surface and photoelectrons
(energetic electrons) exit. In ToF-SIMS, primary ions
bombard the surface and secondary ions are emitted. Scan-
ning electron microscopy has electrons in and electrons out.
LEIS probes a surface with noble gas ions, and then detects
the same backscattered ions (see Fig. 1). There is an obvious
similarity between LEIS and Rutherford backscattering
(RBS), which is also based on the backscattering of atoms.2,15

The primary difference between RBS and LEIS is the energy of
the incoming ions. LEIS uses a ca. 1 to 10 keV beam of noble
gas ions, while RBS uses primary ions with MeV energies. For
this reason, RBS is essentially a bulk technique, probing on
the order of a micron into materials. The much lower energy
primary ions in LEIS are signicantly less penetrating.
Furthermore, the noble gas ions that are used in LEIS have
a high probability of being neutralized when they interact
with a material. Since only ions are detected in LEIS, and only
Fig. 1 (Left) Noble gas ion bombardment of a surface with two
types of exposed atoms. (Right) LEIS signal corresponding to the
surface on the left. Note that there is no LEIS signal from the ‘red’
atoms.

3420 | Anal. Methods, 2016, 8, 3419–3439
ions that scatter off of the outermost atomic layer of a mate-
rial have short enough interaction times to avoid neutrali-
zation, LEIS is uniquely sensitive to the atomic composition
of the outermost layer of a material.2,9,16 Indeed, LEIS is so
surface sensitive that even a monolayer of contamination,
e.g., adventitious carbon, can obscure the signal from
a material.

Eqn (1) is the governing equation of LEIS. A list of its
underlying assumptions can be found in an article by Smith.1

ES ¼ kEP ¼
cos Qþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
MS

MP

�2

� sin2
Q

s

1þ MS

MP

0
BBBB@

1
CCCCA

2

EP;
MS

MP

$ 1 (1)

The variables in this equation are the energy of the primary
ion, EP, the energy it has aer scattering, ES, the mass of the
primary ion,MP, and the mass of the particle it scatters off of,
MS. The other variable in this equation, Q, is the angle
through which the scattering takes place (see Fig. 1). A
condition for eqn (1) is thatMS/MP $ 1 (the surface atom from
which scattering occurs must be heavier than the ion striking
it). If this condition is not fullled (MS/MP < 1), e.g., He+

striking a hydrogen atom, no backscattering takes place, only
forward scattering. As an analogy, imagine what would
happen if the pins in a bowling alley were heavier than the
bowling ball. In this case, the bowling ball would recoil upon
striking a pin. This would entirely change the game. Bowling,
as it stands, is based on forward scattering of the ball, not
backscattering. Not to belabor the point, consider what
would happen if you used a ping pong ball for bowling, which
is obviously much lighter than a bowling pin. Clearly if the
much lighter ping pong ball were to strike the bowling pin
head on, it would bounce back in the direction from which it
came. This analogy helps us appreciate how scattering
depends on the masses of the projectile and the object it
strikes. Because in a LEIS experiment EP, MP, Q, and ES are
known or dened by the instrument, MS can be determined.
Eqn (1) can be derived entirely from classical physics using
the principles of conservation of energy and momentum; the
ideal scattering energy in LEIS can be described without
quantum mechanics. In practice, however, there are inelastic
contributions to the scattering process, which shi the
measured scattering energies to slightly lower energies than
those calculated using eqn (1) and give the peaks in LEIS
spectra a Gaussian shape.6

When one encounters a new equation in physics, it is oen
a good idea to evaluate it in its limits. Consider the case where
MS is increasingly large compared to MP, e.g., the case of He+

scattering off of a very heavy atom. First, we multiply eqn (1) by
(MP/MS)/(MP/MS), which yields

ES ¼
MP

MS

cos Qþ MP

MS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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Rearranging the equation, we obtain

ES ¼
MP

MS

cos Qþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
MP

MS

�2

sin2
Q

s

MP

MS

þ 1

0
BBBB@

1
CCCCA

2

EP: (3)

Now, consider the limit of MP/MS / 0. Of course this is not
physically possible, but it becomes a more reasonable approx-
imation as MS gets large compared to MP, e.g.,

4He+ scattering
off of 238U, which gives MP/MS z 4/238 z 0.02. In any case, as
MP/MS / 0 in eqn (3) becomes

ES ¼ EP. (4)

Thus, for the case of an innitely heavy MS atom, the energy of
the scattered ion, ES, is equal to the energy of the primary ion,
EP, i.e., all the energy of the primary ion is in the backscattered
ion. Fig. 2 is a plot of the percentage of the energy backscattered
in LEIS as a function of MS. The previous discussion about eqn
(1) in its limit helps us understand why the curve in Fig. 2 for
He+ (the projectile) asymptotically approaches 100% at highMS.
Obviously the other curves in Fig. 2 are also approaching this
limit.

LEIS identies elements by their masses, and successful
identication of an element depends upon optimizing the
analysis parameters so that one nuclear mass can be distin-
guished from another.6,8 The most important parameters that
the user can control in LEIS are the type and energy of the ions
used to probe the surface. The steepness of the curve for He+ in
Fig. 1 at lower MS suggests that LEIS with He+ is very discrimi-
nating to the lighter elements. For example, using eqn (1), we
calculate an energy difference of 94 eV for 3 keV He+
Fig. 2 Percentage of kinetic energy, obtained through eqn (1),
retained by the backscattered projectile ion (ES/EP � 100%) plotted as
a function of the mass of the analyte atom, MS. The colored vertical
stripes showwhich noble gas ion is commonly used to probe elements
of the corresponding mass range in LEIS.

This journal is © The Royal Society of Chemistry 2016
backscattered at 145� from 12C and 13C. Since the widths of
these peaks will be around 80 eV, these signals can be resolved.

In contrast to the steep rise in backscattering energy at low
values of MS, the increasing atness/asymptotic behavior of the
curve in Fig. 1 for He+ at higher MS shows that LEIS lacks
discrimination/resolution for the heavier elements with this
lighter probe. For example, for 3 keV He+ at 145� backscattering,
the energy difference between 58Ni and 59Co is only 10 eV. LEIS
also shows little discrimination between 208Pb and 197Au under
these analysis conditions. That is, even though they have
a greater mass difference, the higher masses of Pb and Au lead
to an energy difference of only 11 eV between their peaks. Thus,
LEIS with He+ nicely resolves the lighter elements while it is less
effective at resolving the heavier ones.

A solution to the lack of resolving power of He+ at higher MS

is to use heavier projectile ions.6 Fig. 2 contains plots of the
scattering energy for He+ and three other noble gas ions: Ne+,
Ar+, and Kr+ as a function of MS. These curves were derived
directly from eqn (1). It is interesting to note the slopes of these
lines. At about MS ¼ 40 u, the curve for Ne+ has a higher slope
than that for He+, i.e., the resolving power of Ne+ becomes
higher than that of He+ at this point. Then, a little over 100 u,
Ar+ shows a higher slope than Ne+, and nally aer about 200 u,
Kr+ has the highest slope. Fig. 3 is a plot of the energy difference
per nominal mass vs. MS, i.e., it is the plot of the slopes
(derivatives) of the curves in Fig. 2. Note that the plot does
indeed showHe+ being the most effective probe up toMS� 40 u,
followed by Ne+ up to MS � 100 u, etc. Thus, in general, LEIS
better resolves heavier atoms with heavier projectiles. This is all
consistent with our earlier analogy – imagine how hard it would
be to differentiate between 16 lb and 18 lb bowling balls by
measuring the backscattering energy of ping pong balls
bouncing off of them. Eqn (1) would apply to this classical
Fig. 3 Plot of energy difference per unit nominal mass vs. MS, i.e., the
derivative of the curves in Fig. 2. The colored vertical stripes indicate
the noble gas ion that is commonly used to probe elements of the
corresponding mass range. The projectile ion that provides the largest
energy discrimination per unit mass corresponds to the highest line
(curve) at any given MS in the plot.

Anal. Methods, 2016, 8, 3419–3439 | 3421
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problem, and the mass ratio MS/MP would be extremely large,
essentially giving the same backscattered energy (ES ¼ EP, eqn
(4)) for the ping pong balls.

Before going on, let's revisit the discussion of LEIS of 58Ni
and 59Co. It will illustrate another important concept –

consideration of the different isotopes of elements to be
analyzed by LEIS. The discussion above on 58Ni and 59Co was
true for isotopically pure samples of these elements. However,
a real sample of nickel will consist primarily of 58Ni (68.1%) and
60Ni (26.2%). 59Co, in contrast, exists as one stable isotope. It
has an odd number of protons (27) so one would expect it to
have fewer isotopes than nickel, which has an even number of
protons (28). All of this means that a real sample of nickel will
produce a broader LEIS signal than the corresponding signal
from Co. Accordingly, detecting a small amount of Co in
a sample of Ni by LEIS is a difficult proposition – the Co signal
lies between the two Ni signals. In contrast, a small amount of
Ni in Co can be more readily detected and quantied – the
nickel will produce a lower, broader signal that will surround
the sharper signal from the Co. We emphasize here that it
would be a good idea to perform LEIS in conjunction with other
analyses. In this regard, LEIS is the same as any other surface/
material analytical method. For example, because of the overlap
between the Ni and Co signals, it might be a good idea to
perform XPS on any samples that are suspected of containing
these two elements. XPS might show, for example, that one of
these elements is absent, which would simplify one's data
analysis. Of course, as mentioned above, XPS probes much
deeper into materials than LEIS.

We now discuss the energy of the backscattered ion and its
impact on signal. We noted above that the slope of the scat-
tering energy in Fig. 2 changes with increasing MS. We also
noted that the energy difference between He+ backscattered
from isotopically pure 58Ni and 59Co was 10 eV for the given
conditions. In contrast, the energy differences for 5 keV Ne+ and
8 keV Ar+ backscattered at 145� from 58Ni and 59Co are 33.1 and
30.3 eV, respectively. There is little difference between these
energies, so one might assume that it does not matter whether
one uses 5 keV Ne+ or 8 keV Ar+. However, the average back-
scattering energies (kinetic energies) for these ions are ca. 1363
and 365 eV, respectively. Thus, the Ne+ ion is moving much
faster than the Ar+ ion. As a consequence, the Ne+ ion will have
a much shorter interaction time with the surface than the Ar+

ion during backscattering. This longer interaction time for Ar+

gives it more time to be neutralized and thus the LEIS signal of
Ar+ backscattering off of 58Ni and 59Co is greatly reduced. This
shows that, in addition to selecting the projectile ion that
maximizes mass resolution, its effect on signal amplitude must
be taken into account. Therefore, the energy of the back-
scattered ion in LEIS is another important factor to consider in
optimizing an experiment.6

LEIS is primarily considered to be a surface analysis tech-
nique, and this is arguably its greatest strength. Nevertheless,
scattering from deeper layers occurs and provides additional
important information. The information depth for LEIS is 5–
10 nm. LEIS is unique in its ability to nondestructively provide
depth resolved information over this range, yielding much
3422 | Anal. Methods, 2016, 8, 3419–3439
higher depth resolution than RBS.6,8 Because this depth prole
is obtained without the need for sputtering, it is oen called
a static depth prole. Of course, sputter depth proling is per-
formed in both XPS and ToF-SIMS, but the corresponding
sputtering process can rapidly scramble the composition of the
outermost layers. Fig. 4a illustrates the interesting mechanism
by which static depth proling information is obtained in LEIS.
For a surface scattering event like the one illustrated in Fig. 4a
to be detected, the incident ion cannot be neutralized when it is
scattered. However, when a noble gas ion enters a solid it is
neutralized and travels through the solid in this uncharged
form. As it moves along, it loses energy due to electronic and
nuclear stoppage events. At some point, a backscattering event
may occur, which reverses the trajectory of the atom and directs
it out of the solid. In its neutral state, the projectile will not be
detected by the instrument. Fortunately, when neutral noble gas
atoms leave a solid, a fraction of them are reionized. But unlike
most of the processes considered to this point, which can be
explained by classical physics and are independent of chemical
bonding or other such complexities, this reionization depends
on the surface chemistry of the sample. For example, due to
resonance between the core electron levels of He atoms and
oxygen atoms, oxygen is particularly effective at reionizing
helium atoms as they leave the surface of a sample. Therefore,
the magnitude of the depth signal tends to scale with oxygen
concentration at the outer surface of a sample.6 Backscattering
from atoms that are below the surface results in the long,
relatively at tails/steps present in Fig. 4. The depth of an
analyte within a material corresponds to the lengths of these
tails. More specically, the lengths of these tails can be con-
verted to physical depths within the sample if the energy loss
per depth interval (eV nm�1) is known for the energy used. This
can either be measured directly from known samples or calcu-
lated by use of modeling soware for ion implantation such as
TRIM/SRIM.17–19 Soware for analyzing RBS data has also been
successfully applied to LEIS static depth proles.20

Fig. 4b shows the theoretical LEIS spectrum for the ZrO2 lm
on Si shown in Fig. 4a. The tall, sharp Zrsurf peak at high energy
in the spectrum conrms the presence of this element at the
outermost surface of this sample. This sharp signal shows a at
tail, labeled Zrdepth, towards lower energy. In accord with the
previous discussion, this tail is due to ions that have entered the
solid, been neutralized, undergone backscattering (by Zr
atoms), and been reionized during their emission from the
solid. Their reionization was favored because ZrO2 is an oxide.
Obviously deeper Zr atoms in the lm correspond to signal on
the tail that is further from the Zrsurf peak. Below this tail for Zr
is an arrow pointing to where the signal for silicon would appear
if silicon atoms terminated the material. They do not, and no
signal is observed here. The next lower signal in energy labeled
Osurf is from surface oxygen atoms. The presence of this peak
and the Zrsurf peak conrm that this solid is terminated with
these atoms. Finally, there is a step labeled Sidepth. This signal is
due to backscattering from silicon atoms below the ZrO2 lm.
Notice that unlike the Zrsurf and Zrdepth signals that are fused
together in Fig. 4b the hypothetical Sisurf and real Sidepth signals
are separated in energy because of the presence of the ZrO2 lm.
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) Noble gas ion scattering off of a ZrO2 film on Si. Shown are: (i) ion scattering from the surface, and (ii) particle penetration,
neutralization, backscattering, and reionization. (B) Mock LEIS spectrum for the material shown on the left. Figure was modified from its original
form, but also used with permission from: ‘SurfaceMicroanalysis by Low-Energy Ion Scattering’ inMicroscopy Today, Vol. 19, Issue 02, Mar. 2011,
pp 34–38 by T. Grehl, E. Niehuis and H. H. Brongersma.
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One of the best ways to come to understand a new technique
is to study the real data it produces. Accordingly, in Fig. 5 we
show a series of real LEIS spectra from the atomic layer depo-
sition (ALD) of ZrO2 onto silicon. ALD is a technique for
producing highly conformal thin lms, and lms deposited by
ALD are very relevant to semiconductor manufacturing.21–24

Each ALD cycle here consists of the appropriate two half reac-
tions. These surfaces were cleaned with atomic oxygen prior to
analysis, and therefore the outermost layer of the material is
expected to be fully oxidized. The spectra in question (see Fig. 5)
were obtained aer 10, 20, 30, 40, 50, 70, and 100 ALD deposi-
tion cycles. These real spectra correspond to the idealized
representation of this system and LEIS spectrum in Fig. 4. These
spectra primarily contain three peaks that are assigned, based
on their backscattering energies, to O, Si, and Zr. Qualitatively,
the positions of these signals on the energy scale correlate with
their mass numbers – Zr is the heaviest atom, which produces
the highest backscattering energy, followed by Si, followed by O.
Fig. 5 LEIS spectra for ALD deposited zirconium oxide on a silicon
substrate for 10, 20, 30, 30, 50, 70, and 100 cycles.

This journal is © The Royal Society of Chemistry 2016
All of this is reasonable. The signal from the Si substrate is
initially rather intense, and it has a tail (high background) to
lower energy that corresponds to signal from subsurface atoms.
The fact that there is any signal from the Si substrate is quite
interesting. The idealized view of ALD is that it creates perfectly
uniform and conformal layers on a substrate, i.e., one might
argue that under ideal conditions even a small handful of ALD
cycles should completely cover the substrate with ZrO2. Clearly
this is not the case aer even 10 deposition cycles. Two possi-
bilities here are (i) that the ALD cycles have led to submonolayer
deposition of Zr that is uniformly dispersed across the surface,
leaving a signicant number of exposed substrate atoms, i.e., not
very much material is depositing per cycle, or (ii) that growth of
the ZrO2 is occurring from nucleation sites on this material,
which is also leaving a considerable amount of the original
surface exposed. Atomic force microscopy or high resolution
scanning electron microscopy would help elucidate the actual
surface structure. Again, the multi-instrument characterization
of materials is oen important for these types of problems.25–27

For now, it is enough to know that LEIS has suggested that some
rather interesting complexity is present in this ALD deposition.

The general trends in the peak intensities in Fig. 5 are
consistent with the ALD deposition of ZrO2. The substrate peak,
labeled ‘Si’, gradually decreases in intensity with increasing
number of deposition cycles, which is perfectly consistent with
another material gradually covering the substrate. At the same
time, the Zr signal is increasing in intensity, i.e., the expected
deposition and increasing surface coverage of ZrO2 is occurring.
Interestingly, the oxygen signal stays nearly constant
throughout these depositions, suggesting that its surface
concentration stays nearly constant. This is reasonable because
the samples were all treated with atomic oxygen prior to anal-
ysis. This result is also consistent with oxygen in SiO2 at the
surface being replaced with oxygen in ZrO2, such that the
oxygen concentration at the surface stays roughly constant. As
the Zr signal increases in intensity, the tail to its low energy side
also increases in intensity. At 100 deposition cycles, this tail is
Anal. Methods, 2016, 8, 3419–3439 | 3423

https://doi.org/10.1039/c6ay00765a


Fig. 6 Representation of a converted XPS instrument for LEIS analysis.
The angle of acceptance permitted by the entrance slits of the
hemispherical ESA is represented by a pair of dotted, grey lines. The
trajectories of ions with too much energy (red), too little energy (blue),
and the correct amount of energy (yellow) are shown.
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initially at, suggesting a uniform concentration of Zr to some
depth below the surface. The length of the tail corresponds to
a thickness of about 2.5–3 nm of ZrO2. The tail then decreases in
intensity, which suggests that lower in the lm the concentra-
tion of Zr has decreased. At 100 deposition cycles, the Si signal
is nally gone – all the silicon surface atoms are covered. Quite
a few ALD cycles were required to completely cover the
substrate. These results are consistent with ZrO2 growth from
nucleation sites, i.e., growth here does not take place as
perfectly homogeneous, uniform layers but from select loca-
tions. In summary, the real spectra in Fig. 5 correspond to the
rather complex, and interesting, deposition of ZrO2. It is clear
how valuable the remarkable surface sensitivity of LEIS is in this
problem.

Finally, we see in Fig. 5 another analogy between LEIS and
RBS. Like LEIS, in RBS incoming projectile ions scatter with
greater energy from heavier atoms. Thus, an ideal situation in
RBS is the analysis of heavy atoms on a light substrate because
the signal from the heavy atoms will be well separated from the
substrate signal and most easily analyzed/quantied.26 These
signals oen have little or no noise around them. Note that we
have this situation for the Zr signal, especially for lower
numbers of deposition cycles.

3. LEIS instrumentation28

As noted above, LEIS has been in use since the late 1960's.
However, recent developments have dramatically improved its
sensitivity and applicability.1,6 Here, we discuss some of the
basics of LEIS instrumentation, including recent advances in
instrument design. The main components of a LEIS instrument
are a noble gas ion source and an energy analyzer/detector for
measuring the energies of backscattered particles and for quan-
tifying this signal. Obviously, ion optics are needed to control the
incoming ion energy, to focus the probe beam, and to set the pass
energy into the kinetic energy analyzer. LEIS analysis takes place
under ultra-high vacuum conditions, requiring a vacuum
chamber with associated pumps, gauges, and load-locks. Given
the extreme surface sensitivity of LEIS, sample preparation is of
vital importance. Many LEIS instruments include a sample
preparation chamber in which samples are cleaned, cleaved,
heated, and/or treated with various gasses to simulate the oper-
ating conditions of the materials being analyzed. If the samples
cannot be prepared in situ, the preferred type of cleaning in LEIS
is treatment with atomic hydrogen or oxygen. These species can
remove surface contamination without causing sputter damage.
In comparison, sputter cleaning and plasma cleaning bombard
a surface with high-energy particles, which causes some degree of
material removal and surface rearrangement.

The most common type of LEIS instrument is a converted
XPS instrument. The electrostatic analyzers (ESA) commonly
used in XPS measure the kinetic energies of surface-emitted
photoelectrons. To use an ESA for LEIS it is only necessary to
reverse its polarity to accommodate particles with positive
charges. A hemispherical ESA congured for LEIS analysis is
shown in Fig. 6. Here, the two main components are a set of ion
optics that set the pass energy, and a pair of concentric
3424 | Anal. Methods, 2016, 8, 3419–3439
hemispheres with applied voltages. Incoming ions with too
little energy collide with the negative hemisphere, while ions
with too much energy collide with the positive hemisphere.
Only ions with the correct pass energy maintain a stable
trajectory through the analyzer and reach the detector.

The advantage of using a converted XPS instrument for LEIS
analysis is that for the additional expense of installing a noble gas
ion source, a single instrument can serve both functions.
However, the geometry of a hemispherical ESA only allows the
capture of a small fraction of the total number of backscattered
ions. Since the goal in LEIS is almost always to analyze the
outermost layer of the material, and the surface can only take
a limited ion dose before surface damage from the probe beam
inuences the analysis, the entrance apertures of the ESA are
usually opened to the maximum amount possible to achieve
sufficient sensitivity. This results in a spread of several degrees in
the accepted backscattered angle, Q, represented by the dotted
lines above the sample in Fig. 6. As indicated in eqn (1), the energy
of backscattered particles depends on Q, so a spread in Q results
in peak broadening and concomitant loss of mass resolution. For
example, using 3 keV He+ ions at a scattering angle of 145� and
a spread in the angle of�5�, the peak for 65Cu is broadened by 29
eV. This corresponds to the difference in scattering energy sepa-
rating Cu and Zn (it is nominally 24 eV), so their identication
becomes challenging. As discussed in the previous section, heavy
elements are oen analyzed with heavier projectile ions. If we
tried to resolve Cu and Zn using this same instrumentation, but
with 5 keV Ne+ ions as the probing beam, the nominal spacing
between these signals increases to 88 eV. This is positive. Unfor-
tunately, however, we get an energy spread of 98 eV from the
angular spread inQ. Obviously this difference is large enough that
it is again challenging to distinguish these neighboring peaks,
especially when other sources of peak broadening are taken into
account. For heavier elements, the effect of peak broadening by
the wide acceptance angles employed in converted XPS instru-
ments is even more pronounced. Thus, LEIS instruments derived
from XPS systems are usually used only with He+ ions and are not
well suited for resolving analytes of high nuclear mass.
This journal is © The Royal Society of Chemistry 2016
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Even with a wide acceptance angle, a high ion dose may still
be required to achieve a good signal-to-noise (S/N) ratio in
a converted XPS instrument, resulting in sample damage. That
is, the rst ions to backscatter from a region provide informa-
tion about the pristine surface. However, any ions that strike
a sputtered region will provide information about the damaged
surface. Therefore, an analysis must be performed within the
static limit to obtain information about the pristine sample
surface. The static limit, which is also an important consider-
ation in ToF-SIMS, is the ion dose below which there is a low
probability of the same spot being struck twice. With converted
XPS instruments, the sensitivity of the analyzer may not be
sufficient to get a good S/N ratio while maintaining an ion dose
below the static limit. This obstacle can be overcome by
analyzing multiple spots on the same sample, but this approach
requires a uniform surface.

The rst papers on the double toroidal analyzer (DTA) were
published in the 1980s.4,5,29 This design was rened over the
next 20 years,16 and nally incorporated into a commercial
instrument. A schematic representation of a DTA can be seen in
Fig. 7. The DTA is similar in function to the hemispherical ESA
used in XPS; in both cases, only an ion of the correct kinetic
energy can traverse the space between two charged plates
without colliding with one of them. With this geometry, the
probe beam strikes the sample vertically, and a nearly 360
degree azimuth of backscattered ions is collected. With this
large azimuthal collection angle, it is possible to sample a very
narrow range of backscattering angles, Q, while still collecting
a much larger number of ions than with a hemispherical ESA.
The typical spread in Q for an analysis with a DTA-equipped
instrument is 1–2�, which clearly results in much less peak
broadening than with a hemispherical ESA instrument.
Fig. 7 Schematic representation of a double-toroidal analyzer, as
included in the Qtac100 instrument by ION-TOF. Figure was modified
from its original form, but also used with permission from: ‘Surface
Microanalysis by Low-Energy Ion Scattering’ inMicroscopy Today, Vol.
19, Issue 02, Mar. 2011, pp 34–38 by T. Grehl, E. Niehuis and H. H.
Brongersma.

This journal is © The Royal Society of Chemistry 2016
Accordingly, instruments with DTAs are suited for use with all
types of noble gas ions, not just He+, and practically all pairs of
elements can be separated.30 Thus, DTA equipped instruments
can achieve much lower detection limits before the static limit
of analysis is reached. ION-TOF has commercialized this tech-
nology in their Qtac100 system, which is a dedicated LEIS
instrument. In addition to incorporating a DTA into their
design, ION-TOF has introduced other features that further
improve the performance of the instrument. The rst that bears
mentioning is a position sensitive detector. As shown in the
Fig. 7, the DTA can simultaneously pass ions of a range of
energies (5–10% of the pass energy). Ions of different energies
have different trajectories through the analyzer. Thus, they
strike the position sensitive detector plate at different positions,
so that their individual energies are determined based on the
position at which they strike it. This arrangement has the
advantage of accepting a higher scattered ion ux without loss
of energy resolution. Similar technology has long been available
for use with hemispherical ESAs, but a considerable amount of
engineering was required to make a position sensitive detector
compatible with the DTA geometry while covering a wide energy
range of parallel detection. Another feature included in the
instrument is time-of-ight-ltering (ToF-ltering), which
allows the backscattered projectile ions to be isolated from
sputtered background ions of the same energy. The most
abundant background ion in any LEIS analysis is from adsorbed
hydrogen that has been sputtered from the sample and ionized
in the sputtering event. These secondary hydrogen ions may
have the same kinetic energies as backscattered noble gas ions.
However, their lower mass gives them a much higher velocity
resulting in a much shorter time-of-ight. Therefore, by
Fig. 8 LEIS spectrum taken with a conventional XPS instrument using
a 1 keV 4He+ ion beam. Reprinted from ‘X-ray photoelectron spec-
troscopy and low energy ion scattering studies on 1-buthyl-3-methyl-
imidazolium bis(trifluoromethane) sulfonimide’ by S. Caporali, U. Bardi,
and A. Lavacchi in Journal of Electron Spectroscopy and Related
Phenomena, 151 (2006), 4–8, Copyright 2005, with permission from
Elsevier.

Anal. Methods, 2016, 8, 3419–3439 | 3425
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detecting only ions with the correct ight time for each energy,
this background signal can be eliminated. This is especially
benecial in the low-energy region of a LEIS spectrum, where
the background signal can be strong enough to obscure the
peaks of the light elements.9 For example, Fig. 8 shows a LEIS
spectrum taken with a conventional XPS-based instrument.31

The very high background at lower scattering energies is
obvious. These advances in LEIS instrumentation have
dramatically improved the sensitivity and applicability of this
technique to a variety of samples.
4. A photographic tour of the
Qtac100, a double-toroidal analyzer-
equipped LEIS instrument32

Fig. 9 shows a Qtac100 LEIS instrument with the locations of
a few key components labeled. Clearly, a LEIS instrument will
require an ion source (A), a gun for accelerating the ions (B), and
Fig. 9 LEIS Qtac100 instrument with locations of key components
labeled. (A) Ion source. (B) Ion gun. (C) Sputter gun for depth profiling.
(D) Analysis chamber (the double toroidal analyzer is located at the top
of this chamber). (E) Sample introduction chamber (load lock). (F)
Sample manipulator (transfer) arm. (G) Vacuum pumps and other
hardware are housed below the instrument.

3426 | Anal. Methods, 2016, 8, 3419–3439
an energy analyzer (top of the main chamber, (D)). In addition,
instruments can be equipped with sputter guns (C) for depth
proling. In LEIS, ions must travel rather long distances
without colliding with other atoms besides those at the sample
surface, i.e., have long mean free paths. Thus, LEIS is carried
out under ultra-high vacuum (UHV) conditions. Fig. 9 also
shows some of the key components that are necessary for UHV
analysis. These include the analysis chamber (D) – these kind of
look like divers' helmets, a sample introduction chamber
(E, load lock), and a sample manipulator (transfer arm) (F) to
move samples from the load lock to the UHV analysis chamber.
Almost all UHV analysis systems have this type of two-chamber
design – an introductory chamber and an analytical chamber.
The purpose of this important design feature is to reduce
contamination in the main chamber so that pump down times
are not excessively long. The vacuum pumps for the system are
housed beneath the analysis chamber (G), which is typical of
many UHV surface analytical instruments.

Obviously a LEIS system can be congured with/connected to
other analytical instruments. Fig. 10 shows a combined LEIS/
ToF-SIMS instrument. The main chambers of the two instru-
ments are connected so that samples can be transferred from
one instrument to the other without breaking vacuum. Clearly
this capability (i) adds noticeably to the cost of the instrument,
but (ii) allows sample analysis at a level that is not possible if the
material must come in contact with the air prior to or between
analyses.

Fig. 11 shows the sample preparation and loading process
for the Qtac100. Because of the extreme surface sensitivity of
LEIS, sample cleanliness is very important. Gloves are used for
handling samples and the sample holder. We note the irony
that gloves are worn in most chemistry laboratories to protect
the workers from chemicals, while gloves are worn in most
surface analysis labs to protect the samples and instruments
from humans! Samples with dimensions of ca. 15 mm� 15 mm
t on these sample holders, and depending on the instrument
conguration, one or several samples may be loaded at a time.
The sample holders connect to a holder pen for easy handling.
Because of LEIS0 surface sensitivity, adventitious carbon can
quickly reduce or eliminate surface signals. The adventitious
hydrocarbon typically gives no signal since it is oen H-termi-
nated, and LEIS is not sensitive to hydrogen. Accordingly,
atomic oxygen or hydrogen cleaning is a common step in
sample preparation, where each sample may require a different
cleaning time. The samples are typically given increasing doses
of atomic oxygen until a stable instrument response is obtained.
An optional feature for the Qtac100 is an environmental
chamber in which samples can be heated, cooled, and/or dosed
with different gasses. Single-sample sample holders are prac-
tical in LEIS because each sample may need different cleaning
times or undergo different treatments in the environmental
chamber.

Fig. 12 shows a close-up view of a Qtac100 instrument with
some key components labeled. This particular instrument is
congured to hold multiple sample holders simultaneously. It
also has the optional environmental chamber. Identied in this
picture are the atomic oxygen generator (A), a sputter gun for
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 ToF-SIMS 5 and Qtac100 instruments (left and right, respec-
tively), with their main chambers connected.

Fig. 11 Sample loading process for the Qtac100. (A) Glass sample,
handled with tweezers and gloves. (B) Placing the sample on the
holder (silver colored). (C) Securing the sample to the holder with
a spring clip. (D) Sample transfer to the load lock while handling the
holder with a special sample-holder pen.

Fig. 12 Close-up view of the Qtac100 instrument at IONTOF with
selected components labeled. (A) Atomic oxygen generator. (B)
Sputter gun. (C) Analytical (main) chamber (cube). (D) Sample intro-
duction chamber. (E) Sample preparation chamber. (F) Environmental
chamber.

This journal is © The Royal Society of Chemistry 2016
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sputter depth proling (B), the analytical (main) chamber (C),
the sample introduction chamber (D), the sample preparation
chamber (E), and the environmental chamber (F). Three
separate transfer arms are visible in this picture – they move
samples between the various chambers. Note the small size of
the sample introduction chamber on this instrument. Small
introduction chambers make for faster pump downs and help
minimize contamination of the analytical (main) chamber.
Fig. 13 shows a screenshot of the instrument soware. Prac-
tically all of the instrument components are controlled
through this soware, which includes tools for peak tting
spectra.
5. Quantitation in LEIS33

We now discuss the quantitative nature of LEIS, why LEIS is
inherently quantitative, and how quantitation is accomplished
in LEIS. We also mention some of the few cases in which LEIS is
not quantitative.
Anal. Methods, 2016, 8, 3419–3439 | 3427
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Fig. 13 Screenshot of the Qtac100 instrument software. Data collection window (Top). Stage control window (Bottom left). Instrument setting
window (Bottom right). Instrument controls (far right).
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LEIS is inherently quantitative.6 Thus, unlike ToF-SIMS,
there is no matrix effect, with a few exceptions that will be noted
below. The governing equation of LEIS (eqn (1)) is derived
entirely from classical principles, where this process (essentially
the ricochet of a lighter particle off of a heavier one) occurs
independently of the chemical environment of the analyte ion.
However, a factor that inuences the backscattered intensity is
the probability of the ion being neutralized during the scat-
tering event. Recall that the analyzer only detects ions, not
backscattered neutrals. Because neutralization effects are
dominated by the binary interaction between the ion and the
analyte atom, and because of the relatively high energy and
short interaction time of the collision, the chemical environ-
ment of the atom and/or the state of the surface as a whole is
irrelevant. Because there is no matrix effect, the signal in LEIS is
directly proportional to the surface coverage of elements, which
makes quantitation straightforward. In contrast, the strong
matrix effect in ToF-SIMS causes signals of certain ions to be
enhanced or suppressed depending on which other atomic
species/compounds are present. In some cases, this can be used
advantageously to enhance certain signals, or most of them, as
in metal assisted SIMS (MetA-SIMS).34–36 However, it also means
that for most circumstances ToF-SIMS is at best semi-quanti-
tative. While there is no matrix effect in LEIS, each element has
its own sensitivity factor. In this regard it is analogous to XPS.
Indeed, each element has a unique LEIS backscattering cross-
section and also a neutralization cross-section. These vary
3428 | Anal. Methods, 2016, 8, 3419–3439
depending on the projectile ion and projectile energy used.
While scattering cross sections can be calculated, there is
currently no computational model for predicting neutralization
cross sections, and in practice sensitivity factors are established
empirically, either by the use of standards or correlation plots.6

In some sense this is the same as in ToF-SIMS, where the
sputtering process is quite well understood and can be
modelled by molecular dynamics simulations, while the ioni-
zation effects are still not possible to predict.

The data in Fig. 14A illustrate the absence of a matrix effect
in LEIS. These data were collected from tungsten surfaces onto
which different amounts of bromine were adsorbed. The signal
for tungsten is plotted on they y-axis, and the signal for bromine
is plotted on the x-axis. Because LEIS measures atomic surface
coverages, as the surface coverage for bromine increases, we
should see a decrease in the tungsten signal, and vice versa. This
is exactly what the data show. When the tungsten signal is high,
the bromine signal is low, and vice versa. The fact that there is
no matrix effect is proved by the linear, anticorrelated rela-
tionship shown here. If there were a matrix effect, we would see
a departure from these linear trends. For example, if bromine
had a suppressing effect on the tungsten signal, we would see
the tungsten signal increase in a non-linear fashion as the
bromine concentration decreased. Numerous experiments with
other two-component systems have shown similar results. For
example, Fig. 14B shows the steady increase in the LEIS Zr
signal in the atomic layer deposition (ALD) of ZrO2 onto SiO2
This journal is © The Royal Society of Chemistry 2016
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Fig. 14 (A) Results from a LEIS analysis in which bromine was adsorbed in situ onto a tungsten substrate under different conditions. (B) Results
from a LEIS analysis of a series of samples with increasing amounts of ZrO2 deposited on SiO2 by atomic layer deposition (ALD). In both cases, the
resulting linear relationship between the signals shows that the technique is free of any matrix effect.
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with the expected, concomitant decrease in the Si signal.
Besides serving as a proof that there is no matrix effect, the
anticorrelation plots in Fig. 14 are also used to obtain the
sensitivity factors for the analytes. When such a plot can be
constructed, the signal for 100% surface coverage of each ana-
lyte can be obtained by extrapolating to the axes. For the
example of W/Br system shown in Fig. 14A, the signal for the
100% tungsten surface coverage is about 650 arbitrary units,
and the signal for 100% bromine surface coverage is at about
180 arbitrary units.

Correlation plots are useful when two (or sometimes three)
components in a series of samples vary in coverage.37 In those
cases, the sensitivity factors can be determined without
knowledge of any of the sample surface compositions and
without pure reference materials. However, samples with many
analytes require the use of standards. Pressed oxide powders are
the most commonly used reference materials in LEIS. Many
samples of interest are oxides, so oxide powders are a natural
choice for these applications. Furthermore, samples are oen
cleaned with atomic oxygen in preparation for LEIS analysis,
and samples cleaned in this way will have their outer surfaces
oxidized, again making oxide powders a good choice as stan-
dards. Most metal oxides are oxygen-terminated, and the metal
atoms in the structures are shielded to some degree by oxygen
atoms. In these cases, e.g., the samples illustrated in Fig. 14B,
the metal signal is taken to be representative of the metal oxide
coverage. For example, if pure zirconium oxide powder gives
a Zr signal of 100 counts for a given set of analysis conditions,
then a sample that yields a signal of 50 counts will have
a surface coverage of 50% ZrO2. LEIS is largely insensitive to
surface topography, so the inherent roughness of a pressed
powder standard poses no problems. One notable advantage
that powders have over their bulk counterparts is that they tend
to dilute surface contamination. Contaminants oen diffuse to
the outside of a material to minimize surface energy. Since bulk
materials have low specic surface areas (surface area per unit
mass), contaminants can become concentrated at their
surfaces. For example, a 1 mm thick sample has on the order of
5 � 106 atomic planes. If the bulk concentration of a contami-
nant is 0.2 ppm, there are enough atoms of the contaminant to
form a complete layer on the surface, provided all the
This journal is © The Royal Society of Chemistry 2016
contaminant atoms are mobile. Powders, with their much
higher specic surface areas, tend to dilute these contaminants.
Of course, not all samples are oxides. When metals are
analyzed, pure metals can be used as standards, although some
degree of sputtering may be necessary to remove the native
oxide layer. In principle, any material having a known coverage
of the element of interest and being reasonably easy to prepare
is suited as a reference, e.g., PTFE (Teon) for uorine.

There are some circumstances in which LEIS may be
subject to a matrix effect. Most oen, these occur in situations
where the model of a purely binary, inelastic collision inter-
action between two particles no longer applies. One such
example is the difference in sensitivity factor between sp2 and
sp3 hybridized carbon.38 The difference in response here is
a result of resonant charge exchange between the partially
occupied 1s level in the He+ ion and the lled valence band of
graphitic carbon. For sp3 carbon, this additional source of
neutralization does not exist, so the sensitivity factor is
signicantly different. In some cases, this effect can be turned
into something useful. By using this difference and its
dependence on the primary energy, graphitic and sp3 carbon
can be distinguished. There may also be tunneling between
the partially occupied level of the noble gas ions and the
valence band of the material being analyzed – for materials
with low work functions, only a small energy barrier must be
tunneled through by an electron to neutralize the ion. Since
this no longer is a binary interaction, but rather an interaction
between the ion and the whole surface, quantication is
difficult. Typically, these cases depend on the nature or energy
of the projectile, and these matrix effects can be detected or
even overcome by changing the primary ion beam energy or
the projectile ion used.

In summary, the principle strength of LEIS is that it provides
quantitative information about the outermost atomic layer of
a material. In general, LEIS has nomatrix effect – it is inherently
quantitative; its signals are directly proportional to surface
coverage. Quantitation in LEIS can be accomplished either with
reference samples or, for simple systems where multiple
samples are available, by way of a correlation plot. Standards are
oen chosen based on the goal of the analysis. If the goal is to
quantify the concentration of an oxide, oxide powders are used,
Anal. Methods, 2016, 8, 3419–3439 | 3429
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while metals are used when metallic samples are probed. With
the resulting quantitative information, materials for which
performance strongly depends on surface composition can be
understood at a deeper level.
6. Comparison of LEIS to other
surface analytical methods39

Table 1 compares the attributes of LEIS, ToF-SIMS, and XPS. Of
course, ToF-SIMS and XPS are two of the most commonly used
surface analysis techniques for probing the surface chemistry of
materials. Indeed, for years, XPS and ToF-SIMS have been used
in tandem for surface analysis because of their powerful
complementarity. We have written on XPS and ToF-SIMS
a number of times in recent tutorial articles in Vacuum Tech-
nology and Coating,40–42 and in our papers.43–47

As Table 1 shows, LEIS is more surface sensitive than the
other two techniques, which are already very surface sensitive.
LEIS acquires static depth proles (see below) in a more natural
way than XPS, and ToF-SIMS does not have this capability. LEIS
can also be used to acquire dynamic depth proles in the same
way as ToF-SIMS and XPS, i.e., in conjunction with a sputter
gun. Its analysis time is very fast (minutes), which is generally
faster than for XPS and comparable to the acquisition time for
ToF-SIMS. Its detection limits are generally poorer than those
for ToF-SIMS (extremely low) and XPS (moderately low), espe-
cially for lighter elements like boron. However, to be fair to
LEIS, XPS averages its signal over 10–20 atomic layers, while
LEIS only gets its signal from the outermost layer. Therefore,
with regards to the detection limit from the outermost atomic
layer, LEIS is more sensitive than XPS. LEIS has essentially no
matrix effect – in this regard it is more similar to XPS than ToF-
SIMS. Of course, ToF-SIMS shows a signicant matrix effect,
which is one of its disadvantages. Like XPS, one of LEIS' greatest
strengths is that it gives quantitative results. This is in contrast
to the limited quantitative information that is usually available
from ToF-SIMS. LEIS does not give oxidation state information
Table 1 Comparison of attributes of LEIS, ToF-SIMS, and XPS

Properties LEIS ToF-S

Surface sensitivity Outermost atomic layer A few
Static depth proling Inherent, ca. 10 nm No

Dynamic depth proling With sputter gun With
Analysis time per spectrum Typically minutes Typic
Detection limits A few % of a monolayer for the

lighter elements, up to 0.1–1%
for the heavier elements

ppm

Matrix effect Essentially none Stron
Quantitative results Excellent Relat
Oxidation state information None Some

fragm
Molecular information None Yes, t

fragm
Lateral resolution ca. 10 microns Subm
Cost of instrumentation High, ca. $1 � 106 High

3430 | Anal. Methods, 2016, 8, 3419–3439
about elements at surfaces, while XPS provides this information
in a direct way,47 and ToF-SIMS does so indirectly. In addition,
LEIS does not provide molecular information about surfaces,
while ToF-SIMS does so in a direct way and XPS gives it indi-
rectly. The lateral resolution of ToF-SIMS (micron to submicron)
is the highest of the three techniques, and those of LEIS and
XPS (ca. 10 mm) are similar. The cost of the instrumentation for
all three techniques is quite high. Perhaps a fair concluding
statement would be to say that while no surface analytical
technique can provide all of the information one might desire
about a surface, LEIS, ToF-SIMS, and XPS are clearly comple-
mentary so that they can provide powerful surface and material
characterization when used together. A clear advantage of
employing all three techniques is that they probe materials at
different depths. In summary, it is clear that LEIS has signi-
cant capabilities that neither XPS nor ToF-SIMS has. We are
condent that in the future we will see more surface analyses
that employ all three techniques.
7. Static depth profiling in LEIS39

Obviously, LEIS is not the only technique that can provide depth
prole information about the outer ca. 10 nm of a material.
Angle resolved XPS (AR-XPS) can also yield this information
without the need for sputtering. However, it is generally difficult
to obtain quantitative depth information from AR-XPS data.
That is, AR-XPS analyses are usually valuable in a qualitative to
perhaps semi-quantitative way, but more precise information
requires modeling, which can be challenging.48 Thus, the static
depth prole information provided by LEIS, which is obtained
in a more direct fashion, is especially useful for very thin lms,
e.g., in semiconductor devices. It provides better depth resolu-
tion than AR-XPS, where the depth resolution in LEIS is high
(0.2–1 nm, depending on sample composition).14 The interpre-
tation of LEIS depth signals is probabilistic – it depends on the
number of possible paths a particle can take to get to and from
a certain depth. Obviously, this number increases with depth.
IMS XPS

atomic layers ca. 5 nm
If multiple scans taken at multiple angles
(angle resolved XPS), ca. 10 nm

sputter gun With sputter gun
ally minutes Somewhat longer

0.1–1% of a monolayer

g Essentially none
ively poor Very good
what, through molecular
ents

Yes

hrough molecular
ents

Yes, through chemical shis

icron ca. 10 microns
, ca. $1 � 106 High, ca. $0.5 � 106

This journal is © The Royal Society of Chemistry 2016
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Thus, the uncertainty on the depth resolution in LEIS is less
from signals that originate close to the surface, so thinner lms
are better resolved than thicker ones. LEIS static depth proles
also have clear advantages relative to sputter depth proles.
They avoid the mixing of atomic layers that almost inevitably
results when samples are sputtered. This attribute of LEIS static
depth proles has been applied to study diffusion in very thin
lms.14,49

LEIS is a powerful tool for performing sputter depth proles.
This capability is especially useful for thicker samples (up to
about 100 nm). Sputter depth proles in LEIS provide some
unique advantages relative to XPS and ToF-SIMS. The rst is
that the extreme surface sensitivity of LEIS yields a much higher
(ner) depth resolution than can be achieved in XPS or
ToF-SIMS, provided the sputtering conditions are chosen to
keep the atomic mixing low. Second, the quantitation of LEIS
surface signals is straightforward. Third, the static depth prole
and the sputter depth prole in LEIS provide complimentary
information. Ter Veen et al. demonstrated that the static depth
prole information from an Si/SiOx/W/Al2O3 ALD stack
provided a useful preview to subsequent sputter depth proles,
making it possible to identify artifacts that result from sputter
beam effects.50 A fourth advantage of combining LEIS and
sputter depth proling is that because many spectra are ob-
tained with varying compositions within the depth prole,
sensitivity factors for elements can be obtained without the
need for reference materials. This further simplies the process
of using LEIS to obtain quantitative depth prole information.
Ter Veen et al. explain this method in detail in their article.50
8. Application of LEIS to
semiconductors39

Critical dimensions in semiconductor devices continue to
decrease. Therefore, surface sensitivity is becoming an
increasingly important attribute for techniques used to analyze
thin lms in them. A 2006 study by Stokhof and coworkers takes
advantage of the extreme surface sensitivity of LEIS to study the
nucleation and growth (to closure) of WNXCY lms deposited by
ALD with the goal of better understanding copper diffusion
barrier layers in semiconductor devices.51 Their article notes
that as a consequence of shrinking critical dimensions, copper
has replaced aluminum as an interconnect material in semi-
conductor devices. However, while copper has superior
conductivity to aluminum, a barrier layer must be used with it to
stop unwanted diffusion into neighboring materials. To stop
this diffusion, the barrier must be made from a material with
low copper diffusivity, must coat copper conformally, and must
form a completely closed coating. This diffusion barrier should
also be as thin as possible so that the advantage gained from
copper's increased conductivity is not entirely negated by the
wasted volume and added resistivity of the barrier layer. ALD is
a coating method that can meet these demands, although
sputtered barrier layers remain dominant in the industry.52

In Stokhof and coworkers' study, WNXCY was deposited by
ALD over two different dielectric layers: SiOx, deposited by
This journal is © The Royal Society of Chemistry 2016
plasma enhanced chemical vapor deposition (PECVD), and
Aurora® 2.7, a proprietary low-k dielectric. The thickness of the
WNXCY layer was controlled by varying the number of ALD
cycles. Aer the rst ALD cycle, a strong W LEIS peak appeared
at the surface, indicating that the deposition of the WNXCY lm
had begun. However, a Si surface signal remained clearly
visible. This Si surface signal only disappeared aer 40 ALD
cycles, indicating lm closure. The trends were the same for
deposition over the Aurora® 2.7 dielectric material, with lm
closure again occurring aer 40 ALD cycles. For this study, the
growth rate was 0.8 Å per ALD cycle, meaning that a lm
thickness of approximately 3.2 nm was needed to achieve
a completely closed lm. Here, the surface sensitivity of LEIS
permitted an analysis that would have been difficult with XPS or
ToF-SIMS because these techniques have probe depths that
exceed the thicknesses of most of the WCXNY lms examined in
this study.

While the closure of an ALD-deposited WCXNY lm over
dielectric layers is a fairly specic example, it again illustrates
an important problem—lms in semiconductor devices are
becoming thinner than the depth of analysis of the dominant
surface analysis techniques. For example, gate oxide thick-
nesses in semiconductors have been in the sub 10 nm range
since the early 1990's.53 When semiconductor technology
reached the 22 nm node in 2011, the gate oxide thickness was
down to 0.5–0.8 nm.53 The target for diffusion barrier layer
thickness at the 22 nm node is 3 nm.21 This downward trend in
lm thicknesses will probably continue as technology advances
to the 10 nm and 7 nm nodes. In short, as lms get thinner,
surface sensitivity will become increasingly important for
understanding lm properties in semiconductors.

Diffusion is an important process in the fabrication of
microfabricated devices. Sometimes it is wanted, as when
a wafer is heated to allow dopants to diffuse through a material.
Other times, it is destructive, as when copper from intercon-
nects poisons neighboring materials. Because of its extreme
surface and near surface sensitivity, LEIS is a powerful tool for
understanding diffusion in thin lms. Indeed, LEIS' short
analysis times make it suitable for time resolved studies. LEIS
systems can be outtted with heating stages to perform in situ
diffusion studies.

While various useful conclusions can oen be drawn about
diffusion in a sample simply by observing the changes in the
surface signal when a sample is heated, the static depth prole
provides more useful and direct information about diffusion in
thin lms. One reason for this is that surfaces may have
different properties than their underlying layers. In 2009, De
Rooij-Lohmann et al. studied diffusion non-destructively using
LEIS static depth proling.14 The total depth of their analysis
was 5–10 nm. In particular, the authors studied the diffusion of
a Mo/Si system (see Fig. 15). These materials nd use in extreme
UV optics. In order to determine the stopping power of silicon,
SSi, the authors prepared Mo lms covered with Si lms of
known thickness (4–7 nm). From this data, they determined
that SSi was 36 � 3 eV nm�1. The samples were then analyzed
during heating to 500 �C over a period of 40–50 seconds, and the
shape of the Mo depth signal was used to extract the diffusion
Anal. Methods, 2016, 8, 3419–3439 | 3431
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Fig. 15 The evolution of an Mo/Si system at 660 �C as a function of
time as probed by LEIS. Reprinted with permission from [“Diffusion and
interaction studied nondestructively and in real-time with depth-
resolved low energy ion spectroscopy” by V. I. T. A. de Rooij-Lohmann,
A. W. Kleyn, F. Bijkerk, H. H. Brongersma, and A. E. Yakshin in Appl.
Phys. Lett., 94, 063107 (2009); DOI: 10.1063/1.3081034]. Copyright
[2009], AIP Publishing LLC.
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coefficient of Mo in Si for this system. Fig. 16 shows these 500 �C
LEIS results. In a follow up study in 2010,49 they studied the
more complex Mo/B4C/Si system, where B4C acts a diffusion
barrier. Using a methodology similar to the one employed in
their previous study, they were able to show two distinct diffu-
sion regimes, which corresponded to amorphous and nano-
crystalline MoSi2. The results they obtained by LEIS were
supported by transmission electronmicroscopy (TEM) and hard
X-ray XPS (HAXPS) analyses.

The extreme surface sensitivity, straightforward quantita-
tion, static depth prole information, and excellent sputter
depth proling capabilities in LEIS make it a potentially
powerful tool for studying semiconductor systems. Its utility for
studying the closure of very thin lms and understanding
diffusion has been noted. We anticipate that because of the
recent advances in LEIS instrumentation, there will be more
LEIS studies on semiconductor materials.
Fig. 16 The evolution of an Mo/Si system at 500 �C as a function of
time as probed by LEIS. Reprinted with permission from [“Diffusion and
interaction studied nondestructively and in real-time with depth-
resolved low energy ion spectroscopy” by V. I. T. A. de Rooij-Lohmann,
A. W. Kleyn, F. Bijkerk, H. H. Brongersma, and A. E. Yakshin in Appl.
Phys. Lett., 94, 063107 (2009); DOI: 10.1063/1.3081034]. Copyright
[2009], AIP Publishing LLC.

3432 | Anal. Methods, 2016, 8, 3419–3439
9. LEIS of solid oxide fuel cells28

We now discuss some recent publications in which high-
sensitivity LEIS has been used to probe the surfaces of materials
used in solid oxide fuel cells (SOFCs).

As is the case with all fuel cells, SOFCs directly oxidize a fuel
to produce electricity. This is in contrast to the more common
combustion-based electrical generation tools that convert fuels
to thermal energy, thermal energy to mechanical motion, and
then mechanical motion to electricity. As the name implies,
SOFCs use solid oxides as electrolytes. Typically, this electrolyte
transports oxygen anions from the cathode to the anode. The
solid oxide electrolyte is the dening feature in an SOFC, but
the cathode and the anode materials must also be able to
sustain high temperatures and transport charge carriers.54

These cathodes and anodes are usually made of ceramics or
ceramic–metal hybrids. SOFCs are being researched for their
application to clean, efficient energy generation using a variety
of fuels. The major obstacle to the widespread adoption of
SOFC technology is their high operating temperature.54 The
materials used in SOFCs must function at between 500 and
1000 �C to conduct oxygen anions. These temperature
constraints oen require that SOFCs undergo a lengthy pre-
heating prior to operation, limit the materials that can be used
in their construction, and shorten device life spans. This
reduces the applicability and increases the cost of this tech-
nology.54 Therefore, much effort has gone into researching
materials that can enable SOFCs with lower operating
temperatures. The characterization of SOFC materials been an
active area for LEIS.12,13,54–57

Perovskite type materials are being heavily investigated for
SOFC applications. These have the general chemical formula
ABX3, where A is a relatively large cation, B is a relatively small
cation, and X is an anion that binds to both. There are other
more complex variations of this structure that are also of
interest. These are explained in more detail below, as well as in
a paper by Druce et al.10 Understanding the surface properties of
the materials used as SOFC cathodes is important for improving
these devices because oxygen exchange at their surfaces
strongly inuences device performance – before oxygen ions can
be conducted through the electrolyte, O2 molecules must be
split and oxygen incorporated into the material. This is deter-
mined by the material's surface properties. With regards to
SOFCs, Druce et al. noted that “.the exchange of oxygen, at
elevated temperatures, between the solid and the ambient gas,
mediated by the immediate surface, is a very important process
as it determines the oxygen stoichiometry and hence the func-
tional properties”.10 In addition, at elevated temperature, even
minor contamination from the bulk of the ceramic can diffuse
to the surface, and this can strongly limit its performance.
Indeed, only a little bulk contamination is required to form
a full monolayer of an alkaline earth oxide, which will signi-
cantly compromise the performance of the oxide.57 Therefore,
understanding which cations dominate the surface of the
electrolyte is important for understanding oxygen transport
through it.
This journal is © The Royal Society of Chemistry 2016
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Working towards understanding and improving SOFC cath-
odes, Burriel et al. recently performed a multi-instrument
surface analysis of La2�xSrxNiO4+d, which is a promising mate-
rial for intermediate temperature SOFCs (IT-SOFCs) (they
operate from 650 to 800 �C).13,54 Prior to this analysis, the outer
surface of this material had only been studied computationally.
The computational results indicated that the material would be
terminated in nickel-oxide, where Ni is a B-type cation.
Computational models of similar perovskite materials pre-
dicted that cathodes would be catalytically inactive if termi-
nated in LaO, where lanthanum is an A-type cation. Burriel's
characterization utilized crystal truncation rod (CTR) X-ray
scattering, angle resolved XPS (AR-XPS), and LEIS to probe the
outer few layers of the material. She notes in her paper that
analyzing the outermost layer of a material can be challenging.
Any exposure to the atmosphere contaminates a surface with
adventitious carbon. Furthermore, as noted above, most surface
analysis techniques average over several atomic layers and do
not provide information specic to the outermost layer. The
LEIS analysis was performed using a Qtac100 instrument. Two
single-crystal samples of different orientation were analyzed,
both were cleaved and one was heat treated in air at 450 �C for
72 hours. Prior to analysis, all samples were cleaned with atomic
oxygen to remove hydrocarbons. Because each element has its
own sensitivity factor, high-purity oxide powders were used as
standards to establish sensitivity factors and detection limits
for each analyte.

A 5 keV 22Ne+ LEIS spectrum from her paper is shown in
Fig. 17. Contrary to the predictions of the computational model,
the LEIS spectrum shows signals for the A-type cations, Sr and
La, while no Ni is detected at the surface. Both of the samples
produced similar results. While neither CTR X-ray scattering
nor AR-XPS gave a quantitative analysis of the composition of
Fig. 17 LEIS spectrum of La1.67Sr0.33NiO4+d shown with and without
a background correction. Reproduced from ‘Absence of Ni on the
outer surface of Sr doped La2NiO4 single crystals’ by Mónica Burriel,
Stuart Wilkins, John P. Hill, Miguel A. Muñoz-Márquez, Hidde H.
Brongersma, John A. Kilner, Mary P. Ryan, and Stephen J. Skinner in
Energy Environ. Sci., 2014, 7, 311–316, DOI: 10.1039/c3ee41622d with
permission of The Royal Society of Chemistry.13

This journal is © The Royal Society of Chemistry 2016
the outermost layer, both provided information about the near-
surface region. CTR-X-ray scattering is a modeling based tech-
nique (analogous in some sense to ellipsometry) – data are
obtained and t with either theoretical or empirical models,
and conclusions about the material are drawn based on which
model gives the best t. In this case, a model of a La/Sr oxide
terminated material provided a good match to the experimental
data with some deviations attributed to surface effects, while
a model of an NiO2 terminated material gave a poor t. This is
in good agreement with the LEIS results. Using AR-XPS, the
ratio of lanthanum and strontium to nickel ((La + Sr)/Ni) ratio
was calculated at depths ranging from 0.6 to 7.0 nm. The data
were compared to a theoretical ratio based on the stoichiometry
of the bulk material, which was calculated to be 2.0. At a depth
of analysis of 7.0 nm, the measured ratio was at 2.3, close to the
bulk value, while the ratios at depths of 1.8 and 0.6 nm were 8.5
and 5.3, respectively. These results indicate that the near-
surface region is enriched in La and Sr, again supporting the
La/Sr oxide terminated surface suggested by LEIS. When three
established surface analysis techniques support the same
conclusion, it is probably true, and of course, it is almost always
better to probe a material with multiple analytical techniques
than a single one.26,58,59

These results challenged the previous computational models
of oxygen transport through this cathode material. With regards
to the role LEIS analysis played in this study, the author wrote,
“.it is clear that the unique monolayer sensitivity provided by
LEIS, complemented by other state-of-the-art surface tech-
niques, can provide a complete picture of the surface and near-
surface chemistry of this important class of materials”, and that
“.the new surface information provided by these techniques
will signicantly contribute to the understanding of surface
processes in mixed conducting materials.”.13

In another study, Druce et al. used LEIS in conjunction with
a sputter beam to depth prole three polycrystalline perovskite-
based electroceramics for use in SOFC applications: La0.6Sr0.4-
Co0.2Fe0.8O0.3�d (LSCF-113), GdBaCo2O5+d (GBCO-1125), and
La2NiO4+d (LNO-214).10 LCSF-113 has the single perovskite
structure, ABO3, GBCO-1125 has the ordered double perovskite
structure, AA0B2O5+d, where A and A0 cations alternate in layers
of the structure, and LNO-214 has the Ruddelson–Popper
structure, with a formula of A2BO4+d, where layers of the
perovskite structure are interrupted by layers of AO with the
rock salt structure. For this study, the samples were pretreated
at high temperature in oxygen to mimic their operating condi-
tions. As in the example above, the samples were cleaned with
atomic oxygen prior to LEIS analysis to remove hydrocarbon
contaminants. Three spectra at different sputtering depths are
shown for each sample in Fig. 18. Interestingly, spectra taken at
different depths show different compositions. The dominant
species at the surfaces of these materials are Sr, Ba, and La, for
LSCF-113, GBCO-1125, and LNO-214, respectively. This means
that for LCSF-113, the A-site cation terminates the surface. For
GBCO-1125, which consists of alternating layers of two oxides,
the A0 site cation terminates the material, and for LNO-214, the
A-site cation terminates the material. At its outer surface,
LNO-214 additionally shows a Pb peak that is attributed to
Anal. Methods, 2016, 8, 3419–3439 | 3433
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Fig. 18 LEIS spectra of three SOFC materials: (a) GBCO-1125 (left), (b) LNO 214 (middle), and (c) LSCF-113 (right). Spectra taken at the outer
surface (top), the near surface region (middle), and the bulk of the material (bottom). Data were originally plotted in a different format in ‘Surface
termination and subsurface restructuring of perovskite-based solid oxide electrode materials’ by J. Druce, H. T'ellez, M. Burriel, M. D. Sharp, L. J.
Fawcett, S. N. Cook, D. S. McPhail, T. Ishihara, H. H. Brongersma, and J. A. Kilner in Energy & Environmental Science, 2014, DOI: 10.1039/
c4ee01497a.
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contamination in the starting materials used for the synthesis.
Here, Pb is only detectable at the outermost surface, indicating
that it preferentially segregates to the surface. With sputtering
of this material, no Pb is observed and LEIS analysis gives
concentrations corresponding to the theoretical bulk stoichi-
ometry. Given that the properties of these electrode materials
depend so much on their surface compositions, these experi-
ments provide valuable information. They clearly demonstrate
that the surfaces of these materials can vary signicantly from
their bulk compositions. The authors emphasize that while
other surface analytical techniques have shown enrichment of
certain species near the surface of these materials, LEIS, with its
extreme surface sensitivity, was unique in its ability to provide
information about the composition of the outermost layer.

While we have only shown two examples here related to the
development of better materials for SOFC applications, it is easy
to see how information obtained by LEIS would be generally
useful for understanding a variety of materials, e.g., gas sensors,
catalysts, etc.

In summary, LEIS has revealed how several materials
proposed for SOFC applications are terminated. In one case the
results were contrary to the predictions of computational
models. Both papers highlighted herein noted that while other
more conventional surface analytical techniques provide valu-
able information about the near-surface region of materials,
only LEIS provides a quantitative elemental analysis of the
3434 | Anal. Methods, 2016, 8, 3419–3439
outermost atomic layer. This denitive information about
surface composition is obviously of value for the characteriza-
tion and development of SOFCs, where surface composition
plays an important role in catalysis and oxygen anion transport.
10. LEIS of catalysts60

The basic purpose of a catalyst is to speed up a chemical reac-
tion by lowering its activation energy. Industrially, heteroge-
neous catalysts, catalysts that differ in phase from their
reactants and products, are preferred because they are easily
separable from chemical reagents. That is, they are more easily
recovered and will not contaminate the product. In practice,
this means that most industrial catalysts are solids.61 Catalysts
have changed our world. For example, the level of agricultural
production needed to sustain the world's population would not
be possible without the Haber–Bosch process for ammonia
production, which depends on a heterogeneous catalyst.61 Most
industrially important building block molecules, such as
ammonia, benzene, sulfuric acid, and styrene are synthesized
with the help of heterogeneous catalysts.62 Petroleum rene-
ment also depends heavily on the use of heterogeneous cata-
lysts.62 Because catalysts are so pervasive, there is an ongoing
need to characterize them, both to understand their funda-
mental science and also to better synthesize them.
This journal is © The Royal Society of Chemistry 2016
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Catalysis depends on reactants interacting with the catalyst
in a way that favors the desired chemical reaction. In the case of
solid catalysts this means that catalysis generally happens at the
outermost atomic layer of the material. Accordingly, LEIS, with
its extreme surface sensitivity, is especially well suited for
analyzing these materials. And many heterogeneous catalysts
are complex, multicomponent systems. For example, the cata-
lyst used in the Haber–Bosch process consists of magnetite
(Fe3O4) with 2.5–4% Al2O3, 0.5–1.2% K2O, 2.0–3.5% CaO and
0.0–1.0%MgO.61 In such materials, the surface concentration of
a species can vary signicantly from its bulk concentration.
LEIS provides useful information in these situations by directly
measuring the surface concentrations of all species. Addition-
ally LEIS static and sputter depth proles can be used to
determine how the surface composition varies from the bulk
stoichiometry. Ter Veen et al. published a short article on the
application of LEIS to a catalyst.37 They stated that: “.the
availability of a technique that analyzes the chemical compo-
sition of this [outermost] layer is of crucial importance in the
fundamental study of catalysis as well as in the optimization of
industrial catalysts.” In contrast, XPS, with its greater depth of
analysis provides less information about the outermost atomic
layer where catalysis takes place. An article by Celaya Sanz
et al.63 states that: “.in cases where conventional surface
analytic techniques, such as XPS, do not show correlation with
the catalytic activity, the extreme surface sensitivity of LEIS gives
a direct relationship between composition and catalysis.” To
add to the utility of LEIS, LEIS instruments are oen equipped
with environmental chambers wherein the working environ-
ment of a catalyst can be simulated by heating it to a desired
temperature and dosing it with gases. Here, a reaction can be
rapidly quenched before the sample is transferred to the
analytical chamber. This allows a surface to be studied at or
near its operating state, giving insight into the surface compo-
sition of the catalyst as it is used. LEIS is relatively insensitive to
surface roughness so real industrial catalysts, not just model,
planar systems, can be analyzed.

Below, we discuss two examples of LEIS studies of hetero-
geneous catalysts.

Celaya Sanz et al. performed a detailed analysis of an
MoVTeNbOx catalyst, which is used for the selective oxidation of
light alkanes, e.g., propane to acrylic acid.63 Previously, this
catalyst had shown enhanced activity aer grinding. The
authors were interested in studying the (001) plane of the M1
phase of the catalyst. It had previously been suggested that this
plane had active and selective sites for partial oxidation reac-
tions. When fractured (ground), M1 phase crystals expose their
(001) plane. Accordingly, the authors coated catalyst crystals
with silica and then ground them. In theory, the silica should
have covered all the planes except for those that were exposed by
fracturing during grinding, which, again, would preferentially
expose (001) crystal planes. They used uncoated crystallites as
a control, and analyzed the catalytic activity of the silica-coated
and ground, and untreated crystals. LEIS played an important
role in their analysis. First, it was used to determine whether the
silica-coated samples had been completely coated. The absence
of any surface signals except for Si and O showed that the
This journal is © The Royal Society of Chemistry 2016
coating was complete. Based on depth prole information from
LEIS, the thickness of this coating was estimated to range from
a few atomic layers up to about 20 nm. TEM supported this
conclusion. LEIS was also used to determine how much catalyst
surface was exposed during grinding. As expected, the
percentages of V2O5, Nb2O5, MoO3, and TeO3 were much lower
in the coated, ground samples than in the untreated samples.
By comparing the signal ratios between the samples, the
authors determined that 70% of the ground samples remained
coated in silica, while 30% of the surface was freshly exposed.
Here, LEIS yielded a much higher percentage of newly exposed
surface area than did a shape analysis using SEM images,
indicating that in addition to fracturing, some silica was
abraded from the particles during the grinding process. This
hypothesis was supported by TEM images taken post-grinding.
To determine if the (001) plane played a special role in deter-
mining the selectivity of the catalyst, the authors compared the
catalytic activity of the coated, ground sample to the uncoated
one. When normalized for exposed catalyst area, the catalytic
activity was about the same for both samples. Based on the
results, the authors concluded that the selectivity and activity of
this catalyst could not be due uniquely to the (001) plane of the
material.

LEIS was also used to probe the composition of this catalyst.
Given the complexity of this material, a calibration plot could
not be used for quantitation, and instead, oxide powders (SiO2,
V2O5, Nb2O5, MoO3, TeO2) were used as references. The authors
noted that, because these samples were cleaned with atomic
oxygen before analysis, they expected all surface species to be in
their highest oxidation states, making oxide powders the correct
choice for standards. Energy dispersive X-ray analysis (EDX) was
used to measure the bulk composition, and the bulk and
surface compositions were compared. For the unground mate-
rial, the surface was enriched in tellurium and decient in
vanadium. For the coated, ground material, the surface was
enriched in tellurium and decient in molybdenum.

Phivilay et al.64 recently used LEIS in the multi-instrument
characterization of a (Rh2�yCryO3)/GaN catalyst, which is used
in the UV splitting of water for production of H2 and O2. Their
goal was to understand the relationship between catalyst
structure and photoactivity. While GaN is catalytically inactive
in splitting water, the addition of Rh2�yCryO3 nanoparticles to
its surface makes it active. Their catalyst system is depicted in
Fig. 19. In addition to probing the surface with LEIS, the authors
used high-resolution XPS, Raman spectroscopy, ultraviolet/
visible spectroscopy (UV-Vis), and photoluminescence to
understand their material. This study is an excellent example of
how bulk techniques (Raman, UV-Vis), and in particular the
multi-instrument characterization of materials,26,40,58 play a role
in understanding surfaces. Their UV-Vis analysis showed that
the addition of (Rh2�yCryO3) nanoparticles to the GaN surface
resulted in no change in the bandgap of the bulk GaN, implying
that the changes they observed must be occurring at the
material's surface. HR-XPS provided information about the
chemical states of the species in the system. Based on chemical
shis, the Rh and Cr in the outer 3 nanometers of this material
were assigned to their +3 oxidation states. There was no Cr6+ or
Anal. Methods, 2016, 8, 3419–3439 | 3435
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Fig. 19 Representation of a (Rh2�yCryO3)/GaN catalyst. Reprinted
(adapted) with permission from (‘Fundamental Bulk/Surface Struc-
ture–Photoactivity Relationships of Supported (Rh2�yCryO3)/GaN
Photocatalysts’ by Somphonh P. Phivilay, Charles A. Roberts, Alexander
A. Puretzky, Kazunari Domen, and Israel E. Wachs, DOI: 10.1021/
jz401884c, J. Phys. Chem. Lett., 2013, 4, 3719–3724). Copyright (2013)
American Chemical Society.
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metallic Rh at the surface. LEIS played an important role in this
work by providing compositional information for GaN and for
the (Rh2�yCryO3)/GaN catalyst. In addition to analyzing the
surface region, the near surface region was probed by depth
proling. Interestingly, for the GaN, there was virtually no N
signal at the surface. With sputtering, the N signal gradually
appeared and the oxygen signal gradually decreased. This
indicates that the stoichiometry of the outermost layer is best
described as GaOx, and the subsurface region is best described
as GaOxNy. The authors noted that this was the rst time
a surface characterization had revealed this compositional
information. The Ne+ LEIS spectrum for (Rh2�yCryO3)/GaN
showed contamination from tin and barium. Again, contami-
nants oen diffuse to the surface of a material and become
Fig. 20 Depth profile concentrations of Cr and Rh in a (Rh2�yCryO3)/
GaN catalyst as determined by LEIS. Reprinted (adapted) with
permission from (‘Fundamental Bulk/Surface Structure–Photoactivity
Relationships of Supported (Rh2�yCryO3)/GaN Photocatalysts’ by
Somphonh P. Phivilay, Charles A. Roberts, Alexander A. Puretzky,
Kazunari Domen, and Israel E. Wachs, DOI: 10.1021/jz401884c,
J. Phys. Chem. Lett., 2013, 4, 3719–3724). Copyright (2013) American
Chemical Society.
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concentrated there to minimize surface free energy. The
authors attributed the contamination they found to the
(Rh2�yCryO3) precursors. A depth prole (Fig. 20) showed that
the material became richer in Cr with increasing sputter depth.
LEIS measurements indicated that both species were enriched
in the near surface region compared to their expected bulk
concentrations. The authors used pure metal references to
quantify the surface coverage of Cr and Rh because they were
interested in the surface coverages of the pure metals rather
than their oxides. Using the quantitative information they ob-
tained about the Rh concentration at the surface, they calcu-
lated a turnover frequency (TOF) for the material, which is
dened as the number of H2 molecules produced per exposed
Rh3+ site per second. Obviously, this calculation would not have
been possible without a technique capable of quantifying the
Rh concentration at the nal surface. LEIS proved to be very
useful in this study. The authors were surprised by the
composition of the outer layers of their GaN lm, and by the fact
that the surface was signicantly enriched in Rh and Cr. They
were also surprised by the presence of Sn and Ba. Quantitative
information about Rh was used to calculate the turnover
frequency for hydrogen.

11. Conclusion

LEIS is a powerful analytical tool for understanding the outer-
most atomic layer of a material. The operating principles of
LEIS, summarized in eqn (1), can be understood in terms of
classical physics. Surface signals in LEIS are Gaussian, while the
signal in LEIS static depth proles appears as a tail on the lower
energy side of the surface signal. The components of a typical
LEIS system are an ion source, a kinetic energy analyzer, and
a detector. All of these are housed in a high vacuum chamber.
Advances in detector geometry have signicantly improved the
sensitivity of the technique. Quantitation in LEIS is generally
straightforward, and with very few exceptions, there is nomatrix
effect in LEIS. For some systems, LEIS can be accomplished
without the use of reference samples. For more complex
systems, reference powders are used to establish sensitivity
factors for each element.

The applications we have shown demonstrate the unique
information LEIS can provide. In a study of ALD deposited gate-
oxide lms, the extreme surface sensitivity of LEIS was valuable
for understanding lm closure. The static depth proling
capabilities of LEIS are useful in characterizing the diffusion in
thin lms for extreme UV optics. In the study of solid-oxide fuel
cells, LEIS provided information about the outermost surface
that challenged previous conclusions from computational
studies about the structure of the material. LEIS is extremely
useful for studying catalysts, where the outermost layer plays
a determining role in the activity and rate of catalysis.

We again emphasize the importance of multi-instrument
surface and material characterization.26,58 The fact that LEIS is
insensitive to the chemical environments of analytes makes it
powerful for quantifying surface compositions. LEIS is
complementary to XPS and ToF-SIMS. In general, it is much
more surface sensitive than either of these two techniques.
This journal is © The Royal Society of Chemistry 2016
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However, it only provides information about elemental
composition, whereas ToF-SIMS gives molecular information,
and XPS is sensitive to chemical environment. We believe that
in the future more studies involving all three techniques will be
performed, and that this approach will become increasingly
necessary for the full characterization of advanced materials.
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