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Matrix effect in TOF-SIMS analysis of two-element inorganic thin
films

Agnieszka Priebe™?, Tianle Xie®?, Gerhard Biirki?, Laszlo Pethé? and Johann Michler?

Matrix effect, i.e. the dependence of element ion yield on the surrounding chemical state, is very often considered as a
negative and limiting factor in elemental characterization. In fact, it is the main reason making Time-of-Flight Secondary lon
Mass Spectrometry (TOF-SIMS) a non-quantitative technique as element ionization efficiency can span over several orders
of magnitude depending on the matrix. Despite that, even small chemical variations of an experimental setup can cause
interpretation of TOF-SIMS depth profiles a challenging task. However, the sensitivity of element ionization to the
neighboring atoms can be also very beneficial as ion yields can be enhanced in the presence of particular species such as
oxygen, cesium, water and fluorine. In this work, we make an attempt to estimate the matrix effect in two-element Zr-
containing alloys using TOF-SIMS. The Zr ionization efficiency as well as its response to the surface and interface
contaminants was investigated depending on Al, Si and Cu matrixes. It was observed that Zr ionization efficiency is over four
times higher in the Si matrix than in the Cu matrix and over two times higher when compared to the results obtained in the

Al matrix.

Introduction

In Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)*
secondary species are ejected from a sample surface due to the
primary ion beam bombardment. Only a small fraction of the
entire sputtered population is ionized and, therefore, can be
guided towards a mass analyser and be detected. The ionisation
process is strongly affected by solid’s surface chemistry and
surface modifications associated with the sputtering process (so
called matrix effect 2%). Moreover, the response of elements to
the surrounding matter is very specific, i.e. at the same
experimental conditions the ion yield of one element can be
enhanced whilst the ion yield of another element can be
decreased. As a consequence of the matrix effect the efficiency
of secondary ions generation can span over five orders of
magnitude or even more causing TOF-SIMS a non-quantitative
technique. This can make acquired data difficult to interpret,
especially in the case of biological samples >¢. Matrix effect can
also affect the quality of multilayer inorganic depth profiles
leading to the presence of secondary ion signal peaks (mainly
due to the surface oxidation) within several sputtered scans 7:8.
The signal peaks can be also observed in the vicinity of sample
interfaces and on the interface between the sample and the
substrate. In the latter case, the measured elemental signal can
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be influenced by the substrate elements and/or potential
substrate oxidation.

Several solutions to the problem of matrix effect (both, on the
level of conducting TOF-SIMS measurements and on the data
analysis stage) are reported in literature. MCs* technique, which
is based on measuring a molecular ion composed of an ion of
interest, M, and an ion originating from a Cs analysis beam °
instead of measuring the ionized atom M"* directly, allows the
matrix effect to be reduced °. Promising results were also
observed in the case of substituting MCs* with MCs2* (for
electronegative elements) and MA* (A stands for alkali primary
ion and denotes K*, Rb* and Na*). Depositing a silver layer
(MetA-SIMS, i.e. metal-assisted SIMS) before the TOF-SIMS
analysis was found to reduce the matrix effect in organic
materials on silicon and polypropylene substrates 11. Apart from
that, it was demonstrated that the use of a water cluster beam
helps reducing the matrix effect present in amino acids
combined with trehalose 12. The surface chemistry can be de-
convoluted 3 from matrix effect using Principal Components
Analysis (PCA) 4716 during the data processing.

On the other hand, matrix effect can be also very beneficial for
elemental characterization of specimens. It was proved in many
publications that incorporating oxygen 21718, water 81921 or
fluorine compounds (such as SF,* 2223 or XeF, %%%) to an
experimental setup can significantly enhance positive ion yields
whilst using caesium 22531 improves generation of negative
ions.

Although the existence of matrix effect and its importance for
elemental analysis are beyond a shadow of a doubt, still its
driving mechanisms are not explored and well-understood. A
unified explanation for secondary ion yields proposed by
Deline 32 was critically analysed by Witmaack 33. The dispute on
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ion-yield matrix effects was continued by Williams 34, This is a
great example that unification of ion-yield phenomena is not
trivial despite operating with complex theoretical formulas and
a broad scope of experimental data. A comprehensive review of
ion emission models (i.e. the “bond-breaking” model, work
function model, band structure model, molecular model and
surface-polarization model) is provided by Williams 35
However, none of these theoretical apparatuses is sufficiently
supported by experimental evidences to provide the desired
level of accuracy in predicting secondary ion yields.

To the best of our knowledge, no systematic studies of
ionization probability were conducted on complex metallic
materials under continuous bombardment of a Ga* primary ion
beam. Therefore, we address this publication to investigating
the matrix effect in Zr-based two-element alloys under these
conditions. The Zr ion yield (indirectly measured with a TOF-
SIMS signal) was examined as a dependence of another
component (precisely: Al, Si and Cu) composing an alloy. It was
observed that Zr ionisation efficiency was the highest in the
presence of Si atoms (by a factor of 4.2 when compared to the
results obtained for ZrCu sample and by a factor of 2.2 in
comparison with ZrAl results). The sputtering rates of the alloys
have varied between 0.65 nm/frame and 1.09 nm/frame at
given experimental conditions. The results presented in this
work are the second stage of our extended efforts targeted in
exploring the potential and limitations of gas-assisted TOF-
SIMS & which can lead to significant improvement of elemental
image quality and separation of mass interference 2*. In order
to verify the influence of water vapour and fluorine gas on the
ionization process of two-element alloys, first the generation of
secondary ions in standard vacuum conditions has to be known.

Experimental
Materials

A choice of proper elements for studying the matrix effect is a
challenging task even in the case of simplified systems such as
two-element model samples. First of all, ion yields of individual
elements have to be sufficiently high to appear in a TOF-SIMS
mass spectrum. Preferably, their depth profiles should be
constant in time and without statistical fluctuations. Moreover,
specimen components should not mass-interfere, i.e. neither
their isotopes nor oxides/hydrides should have the same or
similar masses. Finally, the two elements should be compatible
so that they can mix efficiently. This is required to prevent
material segregation, which can lead to preferential FIB
sputtering. In order to find the most appropriate candidates for
the matrix effect studies, first a series of TOF-SIMS experiments
was conducted on single-element metallic thin films of Cu, Zr,
Ag and W . Among these elements, Zr shows the highest (two-
three orders of magnitude greater than the other elements) ion
yield (indirectly measured with TOF-SIMS) and its depth profile
has the most stable signal distribution in time. Therefore, Zr was
chosen as an invariant base element for the matrix studies and
other elements, i.e. Al, Si and Cu, were used as variables. The
choice of these elements was closely related to intense

2| J. Name., 2012, 00, 1-3

development of Bulk Metallic Glasses (BMG3544) canstituting.a
novel type of materials which are aMOrghiGds/Edd0Have
excellent mechanical properties but become brittle under
external stress. Among various types of BMGs, particularly
interesting are Zr-based BMG alloys as they combine high
strength, low Young's modulus and resistance to corrosion “.
Therefore, they can find application in industry and medical
applications 4647 (such as orthopaedic implants %8 and vascular
stents 4°). Besides that, other systems containing the elements
investigated in this study are promising. Si-doped zirconium
aluminate (Zr-Al-Si-O) was proposed as a novel gate dielectric *°
which can be wused in high temperature metal-gate
complementary metal-oxide—semiconductor (CMOS °1). Zr-Al-
Cu and Zr-Al-Cu-Ni amorphous alloys are expected to be used
for fine parts in microelectromechanical systems 52 (MEMS >3).
Zr-rich aluminates are also considered as promising candidates
for high permittivity gate dielectric applications >4. (Zr-Al)-
codopoing can improve visible light photocatalytic properties of
ZnO >°. Incorporating Al to Cu-Zr alloys changes glass-forming
ability (GFA) ¢ which can lead to improving mechanical
properties of these materials.

In summary, studies on matrix effect in Zr-based systems can
provide important insights for understanding ionization
processes. This can lead to better interpretation of TOF-SIMS
data sets and, ultimately, can serve for future optimization of
chemical composition of the novel materials to maximize their
functionality.

The knowledge of FIB-sputtered volume of the matter is crucial
for comparing TOF-SIMS signals of various samples. Therefore,
in these studies thin films were used as (in contrast to bulk
materials) the amount of milled material can be directly
obtained from TOF-SIMS depth profiles (i.e. the thin film-
substrate interface can usually be well recognized) if the
thickness of the sample is known. In this approach post-TOF-
SIMS measurements of a crater depth with Atomic Force
Microscope (AFM?>7) or Scanning Electron Microscopy (SEM?>8)
are not necessarily needed.

A set of three model samples composed of two metals (ZrAl and
ZrCu) and a metal-metalloid (ZrSi) forming alloys were produced
using the Physical Vapour Deposition (PVD) °°. 99.99% purity Al,
Si and Zr solid targets from Testbourne Ltd (Hampshire,
England) and 99.99% purity Cu solid targets from EVOCHEM
(Offenbach am Main, Germany) were used in a 3" sputter
magnetron from MANTIS Deposition Ltd (Oxfordshire, United
Kingdom) for depositing the thin films with the thickness in the
order of 100 nm on <100> single crystal Si wafers under the
conditions summarized in Table 1. The thin film deposition
parameters were roughly adjusted to achieve 50 at. % of Zr in
the alloys.

Additionally, the samples were coated with a 5 nm Au layer to
prevent FIB-induced charging effects during the TOF-SIMS
measurements. This solution (in combination with mounting a
sample on a stub with a carbon tape and electric connections
made using a silver paste) seems to be much more reliable than
applying charge compensation with an electron beam during
FIB sputtering as, to our experience, SEM beam instabilities can
introduce artefacts to chemical depth profiles.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. PVD parameters used for two-element thin film deposition.
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Current Process pressure
Sample | Target | Voltage [V Argon flow [sccm Base pressure [mbar

P g ge [V] [mA] g [ ] p [ ] [mbar]
Zr 309 180

ZrAl 10 2.6-:107 5.2-103
Al 360 100
. Zr 279 140

ZrSi 15 1.9-107 7.0-103
Si 495 60
Zr 313 180

ZrCu 10 9.0-107 5.2-103
Cu 412 130

Figure 1. SEM images of samples’ cross-sections: a) ZrAl, b) ZrSi and c) ZrCu.

Methods

The exact thicknesses of the thin films were measured on the
sample cross-sections using a Hitachi (Tokyo, Japan) S-4800 high
resolution Field Emission Scanning Electron Microscope (FE-
SEM €9).

The TOF-SIMS measurements on two-element alloys were
conducted using a high vacuum-compatible CTOF detector
(TOFWERK, Thun, Switzerland) integrated within FIB/SEM
(Focused lon Beam/Scanning Electron Microscope) Lyra3 dual-
beam system from Tescan (Brno, the Czech Republic). The
secondary ions were generated together with neutral atoms
and molecules from the sample surface as the consequence of
continuous FIB beam bombardment. However, only the
charged species were guided by the applied electric field to the
mass spectrometer and, therefore, were measured. The mass-
to-charge range was determined by the time during which the
FIB beam stays on a given pixel, i.e. the dwell time. A mono-
isotopic 5°Ga* beam at 20 keV energy, (115+3) pA ion current,
10 ps dwell time and the aperture of 100 um was used for both,
sputtering and imaging. The sample was located perpendicular
to the FIB axis and on the intersection point between the ion
beam and the electron beam. The data were acquired from 10
um x 10 pm scan areas with 512 x 512 pixels and 2 x 2 binning
in the positive ion detection mode. In order to avoid the crater
edge artefacts, the data analysis ROIs were limited to the
central 5 um x 5 um areas.

TOF-SIMS Explorer version 1.4.0.0 was used for the acquisition
and analysis of the secondary ion signals. The data were mass-
calibrated with a primary ion beam signal peak (®°Ga*), the
substrate signal peak (28Si*), and signal peaks coming from the
thin films (°°Zr* and either Z7Al* or 83Cu*, for ZrAl alloy and ZrCu
alloy, respectively). The reported values of secondary ion signals
represent data acquired for a given mass-to-charge-ratio of an

This journal is © The Royal Society of Chemistry 20xx

ion, m/Q, within the (1£0.5) m/Q range. This method allows the
contribution of signal peak tails to be taken into account.

Results and discussion

Verification of the thin films deposition quality and FIB sputtering
process

The main difficulty of studying matrix effect results from the
imposed very strict experimental conditions including a proper
sample handling. Due to the very high sensitivity of this
technique, even small pressure variations in the vacuum
chamber and the quality of the primary beam source can affect
the magnitude of measured secondary ion signals. Therefore,
all three samples were inserted to the FIB/SEM instrument
together and all measurements were conducted within
relatively short time (several hours). However, it has to be
noted that local surface contaminations can also modify the
secondary ion signal strength.

In order to compare absolute values of TOF-SIMS signals coming
from different samples, the exact sputtered volumes have to be
determined. Since FIB scan areas were set to 10 um x 10 um for
all experiments, the only parameter which can vary the samples
is their thickness. The PVD deposition algorithms were applied
during the sample preparation process to obtain the sample
thicknesses in the order of 100 nm. In addition, to assess the
precise values the SEM measurements on sample cross-sections
were conducted (Figure 1). The thicknesses of the layers, h, for
ZrAl, ZrSi and ZrCu were hz, = 113 nm, hzs; = 102 nm and hy,¢,
=178 nm, respectively.

Natural sample roughness as well as FIB-induced roughness of
a crater bottom during a TOF-SIMS measurement can also
influence depth profiles (due to a mixing of the thin film part
with the substrate) which are used for calculating total
secondary ion signals acquired from a given volume. Therefore,

J. Name., 2013, 00, 1-3 | 3
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Figure 2. FIB SE images of the sample surfaces (ZrAl: al-a3; ZrSi: b1-b3; ZrCu: c1-c3) during the FIB sputtering process. Al, b1, c1 —
upper-most surfaces of the samples ; a2, b2, c2 —topology of the surfaces after milling a half of the thin films, a3, b3, c3 —topology

of the thin film-substrate interfaces.

Figure 3. Insitu SEM images of ZrCu sample surface before (a)
and after (b) TOF-SIMS measurement. The shape of the crater
indicates a correct FIB sputtering process.

the sample topology was imaged on-line during the FIB-TOF-
SIMS experiments using FIB SE (Secondary Electrons) images
(Figure 2). Initial surface variations of ZrAl and ZrCu samples
(Figure 2 al and cl1) were smoothen during the sputtering
process (Figure 2 a2 and c2). In the case of ZrSi (Figure 2 b1 and
b2) the sample topology was flat. Neither pores nor grains
indicating material segregation were observed in any of the thin
films. A regular contrast pattern (Figure 2 c3), which can be
correlated with FIB-induced roughness, was observed on the
thin film-substrate interface only in the case of ZrCu sample.

4 | J. Name., 2012, 00, 1-3

Nevertheless, the quality of FIB sputtering process has still
ensured the precise estimations of the interface locations in all
depth profiles.

Apart from the possibility of monitoring sample topology with
FIB SE during a TOF-SIMS measurement, integrating a TOF
detector within a FIB/SEM instrument allows a quality of a
sputtered crater to be verified insitu without breaking vacuum
conditions (which is usually not attainable in the case of
dedicated TOF-SIMS instruments). The crater shape provides
important information on the correctness of applied FIB
parameters (i.e. the beam focus, x-stigmatism, y-stigmatism,
beam centring in x- and y-directions) and potential drift (which
can introduce artefacts especially in the case of depth profiling).
Figure 3 shows the ZrCu sample surface before (a) and after (b)
FIB-TOF-SIMS measurement. The sharp crater edges indicate
that the beam parameters were adjusted properly and the
sputtering process was free from drift and charging effects.
Similar results were obtained in the case of ZrAl and ZrSi
samples.

The sensitivity of the TOF-SIMS technique is very high allowing
even trace elements to be detected. Therefore, mass spectra
(Figure 4) were used to verify purity of the samples. Apart from
the main expected elements (i.e. Zr, Al, Si, Cu and Ga), only ZrO
isotopes have given significantly high signals.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. TOF-SIMS mass spectra of a) ZrAl, b) ZrSi and c) ZrCu. The most prominent ions present in the sample are identified.

Finally, the distributions of elements composing the alloys have
to be homogenous in the entire thin film so that the ionisation
process is also uniform within the studied volume. This can be
validated using 2D elemental images representing °°Zr*, Z7Al*,
28Sj* and %3Cu* signal distributions (Figure 5). Figure 5 a-f show
top views (the lateral x-y plane; signal averaging over frames,
i.e. FIB scans) and Figure 5 g-1 present side views (in depth, i.e.
z-x plane; signal averaging over y). In the case of all thin films,
the signals acquired in the lateral plane are uniform. No grains,
material segregation or regions with higher signal concentration
of any of the two alloy elements can be distinguished. Also no
roughness or other topology effects potentially leading to the
preferential FIB-sputtering are visible (which is consistent with
FIB SE images shown in Figure 2). This indicates that during the
sample preparation both elements were deposited properly.
The side view images (Figure 5 g-I) show increased TOF-SIMS
signals in the upper-most surfaces and on the interfaces
between the thin films and the substrates in the case of all
samples and all considered ions. This is most likely correlated
with the surface (both, the thin film surface and the substrate
surface) oxidation as it is known that oxygen enhances positive
ion yields.

TOF-SIMS depth profiles and calculations of total secondary ion
signals

The 2D TOF-SIMS imaging allows details of sample elemental
composition to be represented whilst depth profiling delivers

This journal is © The Royal Society of Chemistry 20xx

more global information (i.e. the signals are integrated over
entire frames and are given as a function of the sputtering time)
on the element distributions. The latter one is more useful
when local signal variations are not important but the general
tendency of the signal shape in depth matters.

The depth profiles of two-element thin films are shown in
Figure 6. Although systems are
considered, in practice much more elements are involved in the

in theory two-element

ionization process. On the side of the upper-most surface, the
most crucial element is oxygen. Moreover, contaminants such
as H, C and N can be present as well. These elements are
naturally present in the atmosphere and, therefore, it is hardly
possible to avoid them on the sample fabrication stage. Besides
that, a sample surface can be contaminated during the
transportation to an analytical instrument. Although dedicated
sample transfer systems are available on a market, their
application in these studies would not change the situation due
to operation in HV conditions. The 5 nm layer of protective Au
coating is rather not expected to influence significantly the
ionisation probability. Only in the central part of the thin films
the dominant role in the ionisation efficiency is assigned to the
interactions between the two metals (Zr-Al and Zr-Cu) or the
metal and the metalloid (Zr-Si). Regarding the interface
between the thin film and the substrate, apart from oxygen
additional influence on secondary ion generation can originate
from the presence of Si. The depth profiles presented in Figure 6

J. Name., 2013, 00, 1-3 | 5
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Figure 5. 2D elemental images representing °°Zr*, 27Al*, 28Si* and 63Cu* signal distributions. a-f) top views (i.e. x-y plane), g-1) side
views (i.e. x-z plane). The ROIs (Regions-Of-Interest) are bounded within the black rectangular boxes.

were generated using only the central 5 um x 5 um ROls
(Regions-Of-Interest, marked in Figure 5) to prevent the
influence of edge effects (such as material re-deposition and
smoothening of the crater edges). In the case of all
measurements, the location of thin film-substrate interfaces
can be well recognized based on the normalized distributions
given in Figure 7. A cross-point between one of the thin film
signal distributions and the substrate signal distribution was
used as a moment of reaching the interface, tjyterface- The errors,
Atinterfaces Were obtained based on the positions of upper and
lower cross points of signal envelopes.

All two-element alloys have two peaks in 29Zrt signal
distributions — one close to the sample surface and the other
one close to the interface with the substrate. This is in contrast
to the TOF-SIMS results of a pure Zr thin film in which only the
surface peak appears 8. This two-peak trend is also observed in
27Al%, 28Si* and ©3Cu* signal distributions.

Moreover, a shift between signal peaks of thin film components
occurs in the case of ZrAl sample. Although 2’Al* and °°Zr* signal
peaks in the upper most surface are recorded at the same time,
the other signal peaks in these two ion distributions are shifted
in the proximity to the substrate (by around 6 frames). This
suggests different response of elements to the presence of Si.
Such behaviour is not observed in the case of ZrCu.

In the two-element alloys considered in this study, the total
ionization efficiency (indirectly measured using TOF-SIMS
signals) of Zr is roughly the same as the ionization efficiency of
Al (i.e. the total Zr secondary ion signal, Sgoz+, to the total

6 | J. Name., 2012, 00, 1-3

secondary ion signal Sysa4, ratio is 1.1+0.2), around 24 times
higher than the ionization efficiency of Si and about 15 times
higher than the ionization efficiency of Cu. However, it has to be
remembered that these ratios most likely will be different
(mainly due to matrix effect) when corresponding signals of
pure metals are compared. Moreover, even slight modifications
of alloy chemical composition can significantly affect the signal
ratios.

Sputtering rates of the studied materials varied between
0.65+0.06 nm/frames (for ZrAl) and 1.09+0.09 nm/frames (for
ZrCu) for the applied parameters of 6°Ga* primary ion beam. The
results of the experiments are summarized in Table 2. The total
TOF-SIMS signal of an element was calculated as an integral of
signal distribution over the entire thin film thickness (based on
the moment of reaching the interface with the substrate):

Sror — sims, totat = J "7 Stor — sims(E)dE. (1)

tsurface = 0

The TOF-SIMS signal errors were estimated using Atjsterface- The
errors of signal ratios were calculated using the exact

differential:
S90zr + S90zr +
) o3
So0zr + XM + xM + (2)
Sam + 0S90zr + 0zr+ |+ OSxm + XM+

Similarly, the errors of sputtering rates were obtained assuming
5% error in accuracy of sample thickness measurements with
SEM.
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Table 2. Summary of TOF-SIMS depth profile results. Sgoz.— total TOF-SIMS signal of °9Zr* integrated over the entire twoselement
(alloy) thin film, S, — total TOF-SIMS signal of *M* (where M stands for Al, Si and Cu; x-stands for 27, 28ahd &5 3PéspétiveRy)

integrated over the entire two-element (alloy) thin film.

So0zr +
Sample | Element tinterface [frames] ST0F — SIMS, total [counts/px/pA/nm] S Sputtering rate [nm/frame]
xM +
9ozp+ (1.28+0.04)x10
ZrAl 17315 1.1+£0.2 0.65+0.06
A+ (1.18+0.08)x10%
_ 907p+ (2.9+0.2)x104
ZrSi - 1262 2442 0.71+0.06
28gj+ (1.18+0.08)x10°
907p+ (6.8+0.3)x105
ZrCu 164+4 15.1+0.7 1.09+0.09
63Cu* (4.6+0.2)x10¢
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Figure 8. Ratios of a °9Zr* signal and a ?’Al* signal (a), a 28Si* signal (b), a ®3Cu* signal (c) as a function of sputtering time. The plots

are based on the data presented in Figure 6.

The normalization of TOF-SIMS signal distributions (Figure 7)
allows for better visualisation of the depth profile shapes. In all
cases °°Zr signals and the signals of the other element (i.e. 27Al*,
28Sj* or %3Cu*) follow different patterns which rather excludes
mass interference between them. In the case of ZrAl and ZrSi,
the TOF-SIMS signal peaks of 2’Al* and 28Si* on the thin film-
substrate interface are higher than those ones appearing on the
sample surface, so the opposite to °°Zr* signal peaks. Regarding
2Z7Al* this can indicate beneficial influence of Si presence on Al
ion yields or a very narrow oxygen quantity window which
maximizes the ionization efficiency. Directly from the TOF-SIMS
data it is not possible to conclude on the size of the surface

8 | J. Name., 2012, 00, 1-3

oxidation layer but, from the literature, it is known that silicon
surface undergoes oxidation which saturates at the thickness of
0.1 nm (so called native silicon oxide) ¢! In fact, it was
demonstrated that sometimes lower quantity of supplementary
gas can lead to higher secondary ion signals 316263, Moreover,
the TOF-SIMS data suggest that Si can have higher impact on
ionization of Al than on the ionisation of Zr. In the case of 28Si*
the explanation of the two peak magnitude is more complex as
in this case ZrSi alloy is deposited on a <100> single crystal Si
wafer. This means that most likely crystal orientations are
different resulting in variation in SIMS sensitivities'’. Besides
that, it is also impossible to decompose the total 28Si* signal to

This journal is © The Royal Society of Chemistry 20xx
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the component coming from the thin film and the component
coming from the substrate. In the TOF-SIMS signals of ZrCu
alloy, the peaks on the thin film-substrate interface are smaller
than those ones on the sample surface for both, 63Cu* and °°zr*.
However, in the case of pure Zr and Cu thin films & these peaks
were not observed at all.

Figure 8 shows the distributions of ratios between 9Zr* signals
and the signals of the other alloy element M (where M stands
for Al, Si, Cu). On one hand, Zr ionization probability is
dependent on the matrix of M. At the same time, the generation
of M* ions is influenced by the presence of Zr. Moreover, they
both are affected by other elements such as O, Si, C, H and N. If
the responses of Zr and M to the surrounding (i.e. residual gas,
surface contaminations and the species coming from the
substrate) were the same, then the ratio of °°Zr* signal to *M*
signal (x stands for 27, 28 and 63 for Al, Si and Cu, respectively)
was invariant in time during the entire sputtering process.
However, as presented in Figure 8, it is not the case for any of
the considered alloys. The obtained data suggest that lighter
elements (i.e. Al and Si) are more sensitive to the presence of
oxygen and probably Si (coming from the substrate) than the
heavy elements (Cu and Zr).

Conclusions

The ionisation process of an element it determined by its
individual capability of forming ions as well as its sensitivity to
the sample chemical state, i.e. presence of other elements. The
matrix effect can cause significant modifications in ionisation
efficiency when comparing to the results obtained in the case
of single element thins film. This concerns the total signal
magnitude as well as the depth profile shape (i.e. sensitivity to
boundary effects such as the presence of oxidized surface,
surface contaminants or the proximity to the substrate).

Among the alloys considered in this study, the strongest
influence on Zr ionisation process was induced by Si. Over four
times higher °9Zr* secondary ion signal was recorded when
compared to the results obtained with the Cu matrix and 2.2
higher in comparison with the values measured in Al matrix.
Moreover, it was observed that the ionization efficiencies of the
two alloy components vary along the thin film indicating
different sensitivities to the boundary conditions. This shows
that by enriching (or doping) certain materials an enhancement
of ion yields can be achieved leading to higher TOF-SIMS spatial
resolution. Therefore, studies on matrix effect (leading to
finding the most ionization-increasing combination of
elements) can be very beneficial for representing elemental
distribution of materials in 3D space, in particular in the case of
weakly ionizing elements. This can lead to pushing TOF-SIMS
spatial resolution limits. Currently, the best lateral resolution
lower than 20 nm was obtained with Bis clusters 4. On the other
hand, a Ga beam spot size can be as small as 2.5 nm at 1 pA
beam current 566, Nevertheless, operating at such low currents
in general does not find application in elemental
characterization due to insufficient secondary ion count rate.
Therefore, it is expected that the proper choice of model sample
composition can maximize ion yields and minimize detection

This journal is © The Royal Society of Chemistry 20xx
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limits of elements in the TOF-SIMS technique allowing, for
beating the lateral resolution record (hoWeVép, thE/§itfaPeneas
in evolution of collision events induced by Ga and cluster beams
67,68 have to be taken into account). This explains the need of
more extended studies to fully understand the ionisation
processes in inorganic and organic materials.

Apart from that, the presented results are expected to serve as
the base for further exploring the potential of gas-assisted FIB-
TOF-SIMS & elemental characterization. The mutual influence of
atoms forming the two-element system had to be profoundly
analysed in advance to judge on a gas influence on ion yield
modifications (i.e. the gas-induced ion yield modification has to
be distinguished from the sample matrix-induced ion vyield
changes).
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