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ARTICLE INFO ABSTRACT

Keywords: Argon gas cluster ion beams (Ar-GCIBs) provide new opportunities for molecular depth profiling and imaging of
Irganox 1010 organic materials and biological samples, thanks to recent technological developments that have led to the con-
Polystyrene struction of new SIMS spectrometers where the traditional issues related to their low lateral resolution along with
ToF-SIMS

poor mass resolution and mass accuracy are overcome. The present fundamental contribution on SIMS molecular
depth profiling investigates the variations of the secondary ion signals observed at the organic-inorganic hybrid
interface when using Ar-GCIB as the analytical beam. With this in mind, depth profiling experiments were per-
formed with a ToF-SIMS spectrometer using different analysis beams: 30-keV Bis* versus 10-keV Ar," with a
cluster size (1) of 800, 1500, 3000 and 5000 atoms, respectively. A 10-keV Arsgoo " beam was used for sputtering in
all the experiments. Irganox 1010 and model polymers such as polystyrene (PS) and poly (methyl methacrylate)
(PMMA) oligomers were chosen. Silicon wafer and a polymer-based substrates were employed to test materials
with different stiffness, which is directly related to their Young’s moduli, an important parameter in this study. Ar-
GCIB depth profiles systematically show ion signal enhancement of the characteristic fragments of PS and Irganox
1010 when approaching the interface with the silicon substrate, that can reach up to 60% for [My10-H] ™~ in
Irganox films deposited onto silicon wafers. This enhancement increases with increasing n in both ion polarities.
These results point out some ionization effects on the observed signal enhancement at the interface. The experi-
mental observations will be explained on the basis of the physics of the impact of large argon clusters on different
target materials and the energy confinement of the ion projectile in the organic overlayers. Finally, the thickness of
organic films on rigid substrates in the nanoscale appears to be a crucial parameter to dramatically improve the
sensitivity to molecular fragments when using large Ar cluster ions as analysis beams.

Sputtering yield volume
Ion signal enhancement factor
Fragmentation

1. Introduction

In the past decade, large gas cluster ion beams (GCIBs) using mostly
Araso.10000 " clusters rapidly became very popular in secondary ion
mass spectrometry (SIMS) as a universal sputter source for organic and
polymer-based materials [1-3], in a large spectrum of applications
ranging from electronic devices [4,5] to biological analysis [6]. The
great success of these sputter beams, as was explained by simulation
studies, is due to the minimal molecular degradation and fragmentation
induced by the massive cluster impact (closer to the concept of deso-
rption) compared to that of smaller polyatomic projectiles such as
fullerene ions [7,8]. A very recent study introduces the Ar-GCIB-O, ™"
cosputtering in order to enhance the ionization yield of soft materials
(polymers) and minimize or mask the artifacts in the depth profiles
(especially the decay in the ion intensity at the steady state), resulting
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from the inevitable (low) alteration of the chemical structure induced
by the large Ar clusters [9]. Furthermore, several groups have also re-
ported considerable benefits in the use of the Ar-GCIBs as analysis
probe for biological imaging compared to the more traditional bismuth
cluster ion beams [10] due to a relative augmentation of the high-mass
secondary ion yields. However, in conventional time-of-flight (ToF)-
SIMS instrumentation, the application of Ar-GCIBs as analysis beams is
limited by the low mass resolution and mass accuracy that prevents the
identification of unknown peaks, as well as poor focusing properties
and sometimes, low ionization efficiency [10]. In this context, the de-
layed extraction procedure combined with external mass calibration
can help to improve the mass resolution and mass accuracy of the
spectrum or image [11,12]. It consists of applying an extracting voltage
of the secondary ions with a specific time delay after the primary beam
hits the surface, in order to operate time-of-flight compensation on the
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ion energy spread. Unfortunately, mass spectra acquired in the delayed
extraction mode lose the low mass peaks — namely the hydrogen ion and
carbon fragments — which, in addition to asymmetric peaks in the low
m/z range, makes the application of internal mass calibration very
difficult (the standard procedure in ToF-SIMS) [12]. Recently, instru-
mental developments have led to the construction of SIMS spectro-
meters where GCIB sources are operated either in quasi-continuous
mode to work in combination with an Orbitrap analyzer (3D OrbiSIMS)
[13], or in continuous mode bunching the secondary ion stream ob-
tained with a high energy primary beam (J105 Chemical Imager) [14],
to achieve both high mass resolution and high spatial resolution si-
multaneously. Therefore, we have entered in a golden age of SIMS
where the GCIBs start to provide new opportunities for molecular depth
profiling and imaging of organic materials and biological samples.

In this context, our contribution aims at clarifying the characteristic
features of the depth profiles when using Ar-GCIBs, especially in the in-
terfacial regions. Indeed, organic and organic-inorganic interfaces are of
great technological interest in many applications as, for example, in drug
delivery systems where the drug phase separates from the polymer matrix
in order to accumulate at both the surface and the buried interface. In such
systems, it is crucial to understand whether the signal variations when
approaching the interface with a given substrate correspond to real
modifications in the analyte concentration or whether they are possible
artifacts [15]. Matrix effects have been studied in binary mixtures of Ir-
ganox 1010 and Irganox 1098 by Shard et al. in the bulk region [16],
disregarding both transient changes at the surface mostly related to da-
mage accumulation and increased intensities at the interface, which are
very complex to investigate. In the SIMS literature, it has been demon-
strated that intensity changes at the interface are not affected by the ad-
ventitious alkali contamination of the substrate [17], excluding the pos-
sibility of matrix-enhanced SIMS [15,18]. Removal of matrix and
roughening effects at both interfaces of FMOC to Irganox 1010 and Ir-
ganox 1010 to FMOC has been attempted more recently [19], obtaining
consistent compositional profiles for all the ions that are described by an
integrated exponentially modified Gaussian profile. Finally, the interface
positions in this organic system using SIMS depth profiles with GCIB
sputtering and negative secondary ions have been successfully determined.

To achieve the goals of the current study, organic thin films were
spin coated onto a harder substrate, silicon. Irganox 1010 was chosen as
the reference material because of its fragmentation in the high m/z
range, as well as the possibility to detect the molecular ion in both
negative and positive ion polarities. Model polymer films of mono-
disperse polystyrene (PS) were also included in the study, since they
allow us to work at low mass resolution in the TOF.SIMS 5 in-
strumentation with 10-keV Ar,* with 800 < n < 5000, both in the
analysis and sputtering mode. Indeed, as they only contain C and H
atoms, mass interferences are limited. The results show that the effect of
the silicon substrate on the secondary ion intensities is larger when Ar-
GCIBs are used for the analysis instead of the usual analysis beams
(Bi, ). The comparison of different GCIB projectiles indicates that the
secondary ion intensities are also affected by the average energy per
atom of the primary ions, E/n. The possible causes of the observed ef-
fects, namely changes in the sputtering, fragmentation and/or ioniza-
tion near the interface, are investigated in detail.

1.1. Strategy and article structure

In this paper, we first assessed the presence of secondary ion yield
enhancement at the interface of the Si-supported Irganox 1010 overlayer
with large Ar cluster analysis by means of two independent protocols,
namely Ar-GCIB depth profiling and static-SIMS with an Ar-GCIB ana-
lysis beam on films of increasing thickness. This rise of the secondary ion
signals at the interface was suspected to be due to ionization/matrix
effects, which was verified by the change of ion polarity. In fact, based on
our experience on photovoltaic systems, matrix effects should be more
pronounced in one given ion mode because of preferential charge-
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transfers. It was found that such effects cannot be ruled out in the case of
the Irganox 1010 system. Then, the two other effects that can be iden-
tified as main contributions to the secondary ion yield enhancement are
fragmentation and sputtering effects. An enhancement of the sputtering
yield in the ultrathin scale of a depth profile due to energy nanocon-
finement was already the subject of study of our previous publication
[20]. This effect was confirmed on Irganox 1010 ultrathin films with new
sputtering yield calculations on the system under investigation at two
different etching conditions. Therefore, the authors decided to prioritize
the novelty of the fragmentation study at the interface of Irganox 1010
films with respect to the order of importance of the different contribu-
tions. Here, two additional model polymer systems, namely PS and
PMMA, were taken into account to determine whether the phenomenon
was sample-dependent or not. A proper methodology was established for
the fragmentation study by defining ion signal enhancements at the in-
terface together with ion signal shifts with respect to the silicon substrate
in both ion polarities. Finally, it was found that fragmentation de-
termined by energy nanoconfinement is playing an important role in the
observed interface phenomenon. However, the main effect in the specific
case of Irganox 1010 films is related to sputtering enhancement at the
interface as it will be demonstrated at the end of the present work when
comparing the three different contributions - ionization, fragmentation
and sputtering.

2. Experimental methods
2.1. Samples

The silicon wafer substrates (Neyco S.A., Vanves, France) covered by
a 1.3-nm thick native oxide layer (measured by XPS, Section 2.2) were
cleaned by sonication in isopropanol (VWR, HPLC grade, 99.9%) and
dried under a nitrogen flux prior to spin coating, in order to eliminate
any dicing dust and contaminants. A second series of silicon wafers was
cleaned with a piranha solution, a 4:1 mixture of concentrated sulfuric
acid and hydrogen peroxide (both provided by VWR BDH Prolabo,
Leuven, Belgium), in order to effectively remove the organic con-
tamination from the substrate and also to compare with the isopropanol
cleaning. The wafers were then rinsed in deionized water for three
cleaning cycles and once with absolute ethanol (VWR, purity 99.8%).
Finally, the substrates were dried using nitrogen gas and cleaned with
UV/ozone (Jelight Company Inc., Irvine, USA) for a further 10 min.

The reference material, Irganox 1010 (C;3H108012, M,, = 1177.6 g/
mol), also known as pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hy-
droxyphenyl)propionate, is a chemical compound composed of four
sterically hindered phenols linked through a pentaerythritol core. It is
used as primary antioxidant for stabilizing polymers, particularly
polyethylene and polypropylene. Irganox 1010 was sourced from Ciba
Specialty Chemicals Inc. (Basel, Switzerland). The powder sample was
dissolved to reach a concentration of ~20mg/mL in toluene (Sigma-
Aldrich, =99.71% purity) and spin coated (acceleration: 20 000 rpm/s,
speed: 5000 rpm and time: 60 s) onto clean silicon wafers of 1 x 1 cm?
in order to prepare thin films of approximately 50-nm thickness.
Toluene is a low-pressure vapor solvent known for providing very
smooth surface morphologies upon spin coating [21,22], an important
requirement for the measurement of the sputter efficiency and interface
studies. Spin coating represents a valid alternative to thermal eva-
poration [23] in terms of uniformity and flatness of single-layers of
Irganox 1010 on silicon substrates.

The Irganox 1010 solution was also spin coated onto polyethylene
terephthalate (PET) ~1 x 1cm? supports of 1-mm thickness.
Goodfellow Inc. provided the amorphous PET sheet covered by pro-
tective film on both sides. No cleaning procedure was performed prior
to spin coating, in order to avoid contamination evidenced by previous
SIMS analyses [24]. In addition, a series of thin Irganox 1010 films with
1-50 nm thickness (samples A-F) was prepared by spin coating six
different solutions in toluene with concentrations ranging from 0.8 to
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21.6 mg/mL onto clean silicon wafers (sonicated in isopropanol). Fi-
nally, Irganox 1010 thin films of thickness ranging from 10 to 200 nm
were prepared to determine the variation of the sputter yield volume
along a depth profile experiment when using two different 10-keV Ar,, "
sputter conditions, i.e. n = 1500 and n = 5000 (two measurements per
sample). Two independent techniques - ellipsometry and profilometry -
were employed to measure the film thickness and the sputter crater
size, respectively. The sputter yield volumes Y (nm® per incident ion)
were calculated by dividing the total sputtered volume (nm®) by the
primary ion dose (ions) needed to reach the interface with the native
silicon oxide (determined at the 50% of the maximum intensity of the
substrate signal SiOH™ at m/z = 45, similar to reference [25]).

Finally, polystyrene and poly(methyl methacrylate) standards for
gel permeation chromatography (GPC) with relatively low molecular
weight (M,,) of 1100 g/mol ((CgHg),,, ~ 10 repeating units) and 2180 g/
mol ((CsHgO5),, ~21 repeating units), respectively, were purchased
from Scientific Polymer Products Inc. (Ontario, USA) and Sigma-Aldrich
Inc. (St. Louis, USA). These polymers will be referred to as PS 1k and
PMMA 2k. Solutions of each polymer in toluene (Sigma-Aldrich,
=99.71% purity) with a concentration of ~20 mg/mL were spin coated
onto silicon wafers cleaned with isopropanol (same spin coating para-
meters as for Irganox 1010). The solutions were filtered using 0.2-um
Teflon filters to remove any non-dissolved particles and dust before
their deposition on the silicon. The thickness of the polymer overlayers
was in the range 50-70 nm. An overview of the samples employed in
this study is reported in Table 1.

2.2. XPS analyses

XPS analysis was conducted in order to evaluate the thickness of the
native oxide layer on the silicon substrate (subsequently introduced into
the ellipsometric model of Section 2.3) based on the inelastic scattering
theory [26]. Furthermore, the thickness of two Irganox 1010 ultrathin
films of the series A-F described in Section 2.1, i.e. samples A and C, was
assessed by XPS in order to qualitatively determine the depth at which the
ion enhancement phenomenon is observed in SIMS molecular depth
profiling. The XPS analyses were carried out with a SSX 100/206 pho-
toelectron spectrometer from Surface Science Instruments (USA)
equipped with a monochromatized micro-focused Al X-ray source (pow-
ered at 20mA and 10kV). The samples were fixed with double-sided
conductive carbon tape onto an aluminium carousel. The pressure in the
analysis chamber was around 10~ Pa. The angle between the surface
normal and the axis of the analyzer lens was 55°. The analyzed area was
approximately 1.4 mm? and the pass energy was set at 50 eV. Under these
conditions, the full width measured at half maximum (FWHM) of the Au
4f7/2 peak for a clean gold standard sample was around 1.1eV. No
charge compensation was applied as it was still possible to perform the
measurements under conductive conditions without surface charging of
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the sample and peak deformation. However, the binding energy scales
were post adjusted for a few tenths of eV to set the Si 2p3/2 contribution
of the metallic silicon at 99.0 eV. The same correction was extended to the
corresponding C 1s and O 1s spectra. Data treatment was performed with
the CasaXPS program (Casa Software Ltd, UK). Some spectra were de-
composed using the least squares fitting routine provided by the software
with a Gaussian/Lorentzian (85/15) product function and after subtrac-
tion of a non-linear baseline. Molar fractions were calculated using peak
areas normalized based on acquisition parameters and sensitivity factors
provided by the manufacturer. The details of the XPS calculations are
reported in the supporting information.

2.3. Ellipsometry and profilometry

A spectroscopic ellipsometer (WVASE M-2000, J.A.Woollam Inc,
USA) was used to measure the thickness of the Irganox 1010 single-layers
on silicon substrates, in the wavelength range 400-800 nm (in most cases
except when the depolarization factor exceeded 20%) with intervals of
1 nm at incidence angles of 65 and 70°. The measurements were carried
out at 2 different points on each sample to obtain an average thickness.
The data acquisition and consecutive modelling were performed with the
CompleteEase 5.04 software. The model consisted of a standard Si sub-
strate covered with a fixed 1.3-nm SiO,, layer (on the basis of XPS data),
followed by a Cauchy dispersion layer used to represent the Irganox film.
The n and k values used for both the Si substrate and the SiO, were
provided by the software database and kept constant throughout the
modelling procedure. The A and B parameters of the top Cauchy layer
along with its thickness d, was allowed to be fitted freely and simulta-
neously. The sputtered depths and the crater sizes were measured by a
stylus profilometer DektakXT (Bruker Nano Surfaces Division, Tucson
AZ, USA) in 3D imaging mode with a 0.7-um radius tip over a field of
view of 1500 X 1500 um? and applying a force of 0.3 mg.

2.4. ToF-SIMS analyses

The time-of-flight (ToF)-SIMS experiments were performed using a
TOF.SIMS 5 (IONTOF GmbH, Miinster, Germany) instrument equipped
with both Bi(Mn) Nanoprobe-LMIG (liquid metal ion gun) and Ar-GCIB
(gas cluster ion beam) primary ion sources providing beams oriented at
45° to the surface normal. The Ar cluster source is equipped with a 90°
pulsing system for mass separation by momentum deflection [27]. The
pulsing system also allows the variation of the applied cluster size out of
the large cluster size distribution, ranging from 250 to 10 000 atoms. The
secondary ions are extracted using a potential of 2kV into a reflectron-
type ToF analyzer in the direction perpendicular to the sample surface.

SIMS molecular depth profiles were acquired both in positive and
negative ion polarities on freshly prepared thin films. A DC 10-keV
Arspot ion beam (0.4 nA) was employed to sputter a 1000 x 1000 pm?

Table 1
List of the different organic overlayers investigated in this study.
Overlayer Chemical structure Substrate
1) Irganox 1010 Si
C(CH3)s PET

c CH,—0——C——CH,—CH,
(R)

|:(:H2 CcH :|n
1

2)PS 1k

3) PMMA 2k H

C(CH3)3

CHg
———CH,—C—|
E ? :I"

07 0 CHy

OH o O CH, CH,
o o n

4 (PET chemical structure)

Si

Si
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area for all the experiments. The use of a 20 eV electron flood gun (25 pA)
for charge compensation during depth profiling was necessary on in-
sulated specimens. High mass resolution profiles (reference) were obtained
in non-interlaced dual ion beam mode [28] by collecting the mass spectra
from a 500 x 500 um? area, concentric to the sputtered surface, with a
pulsed beam of 30-keV Bis* ions (0.04 pA). The 30-keV Bis* mass spectra
reconstructed from the bulk region of the Irganox 1010 profiles show a
mass resolving power at m/z 1176 (M*") of around 5000, which is suffi-
cient to resolve the hydrocarbon from the O-containing ions in the low m/z
region. Additionally, Ar-GCIB depth profiles were performed by using the
same GCIB column alternately as an analysis gun (AC beam) and as a
sputter gun (DC beam). Here, a settle time of 10 s was applied before each
analysis and sputtering sequences in order to ensure an equilibrium cur-
rent. For the analysis beam, four different cluster sizes were produced in
order to study the effect of the E/n. Therefore, differential accumulation
times were set for each Ar,* analysis beam to partly compensate for
considerable differences in primary ion current. Charge neutralization
during utilization of both analysis and sputtering ion guns was required in
this depth profiling mode. Two depth profiles were acquired per ion po-
larity in most analytical conditions on the same sample, showing high
reproducibility of the measurements. GCIB spectra are characterized by
poorer mass resolving power with respect to the 30-keV Bi,* ion beam
used for reference, which not only prevents the isotope peaks from being
separated but also the hydrocarbon from the oxygenated ions in the low
m/z region of O-containing compounds such as Irganox 1010 and PMMA.
For instance, m/Am = 750 for 1176 and m/Am = 650 for 1175 of the
Irganox 1010 mass spectra from the bulk region of the profile obtained
with an 10-keV Arjsoo™ analysis beam. Finally, sputter yield volume
measurements were conducted for two different sputter sizes, i.e.
n = 1500 and n = 5000. The different depth-profiling conditions used in
this work are summarized in Table 2, whereas the target currents and the
raster area for each ion beam used are reported in Table 3.

Finally, SIMS spectra were acquired on Irganox 1010 thin films with
increasing thickness (1-50 nm), both with a 30-keV Bis* ion beam and a
10-keV Arysgot ion beam. All the mass spectra were recorded from a
500 X 500 um? area on the same sample, with no charge compensation
since the coatings were sufficiently thin to avoid any detectable charging
effect on the data (samples were grounded). The total ion dose was
9.6 x 10° ions/cm? for 30-keV Bis* and 2.2 x 10 for 10-keV Arys00*,
which ensured static bombardment conditions. Three measurements per
polarity were performed for each sample. The mass resolving power at m/z
1176 (M™*) for the 10-keV Ar;s0o™ analysis beam in this experiment was
1400, allowing the discrimination (but not the full separation) of the two
first Cl3-contributions, namely 13CC,oH108012" (m/z 1177) and
13C,C,1H108012" (m/z 1178). Instead, the 30-keV Bis* spectra present a
mass resolving power of 5000 (m/z 1176), which permits the clear se-
paration between C;3H;05012* (M™) and all the C13-isotope peaks until
13C,4CeoH108012" at m/z 1180. In order to account for the differences in
mass resolving power between different analysis beams (Bis* vs Ar,™)
and Ar-GCIB analysis modes (spectra vs profiles), the integration limits for
the Irganox 1010 characteristic fragment ions with m/z > 500 include all
the C13-contributions separable by the bismuth beam.
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Since the aim of this study is also to compare different materials
(Table 1), in positive polarity SIOH™ (m/z 45) is replaced by Si* (m/z
28) ion signal for the determination of the interface with the organic
overlayers because of severe spectral interference upon 10-keV Ar,™*
analysis with CHO, " and C,HsO ™ which are surface contaminants (but
also PMMA fragments, the other material investigated in this work).
Instead, in negative ion polarity the ion HSiO3 ™ is used for the location
of the interface with the silicon substrate.

3. Results and discussion

The positive and negative fragment ions of Irganox 1010 investigated
in this study are reported in Fig. 1, in addition to the (quasi-)molecular
ions C73H108012+' at m/z 1176 and C73H1070127 at m/z 1175.

30-keV Bis* ions and 10-keV Arjs00 " ions were used alternatively to
analyze the bottom of a crater made by a 10-keV Arsggo* beam on Si-
supported Irganox 1010 films of ~50-nm thickness (Si cleaned with iso-
propanol). The resulting molecular depth profiles acquired in the negative
ion mode, which is preferred for the detection of an intense molecular ion
signal (M —H) ™, Cy3H;9,012 ", are shown in Fig. 2a for the 30-keV Bis*
analysis and in Fig. 2c for the 10-keV Ar;s0o™ analysis. The substrate
signal used to determine the interface position is HSiO;~ at m/z 73, be-
cause of its high intensity and minimal interference with Irganox 1010
fragments or surface contaminants. In the 30-keV Bis™ profile of Fig. 2a,
the characteristic ions present a slight signal rise at the interface with the
Si substrate which is even more important for bigger fragments such as
Cs6Hg3010~ (CR3-CH»-O ™, not shown) and (M—H) ™. A similar observa-
tion was made by Green et al. [15] in reconstructed depth profiles ac-
quired with a 25-keV Bis* analysis beam and a 10-keV Cgo " sputter beam
on Irganox 1010 thin films deposited on silicon. Green et al. demonstrated
that such a rise in molecular secondary ion intensity is not correlated with
the concentration of adventitious sodium that tends to accumulate at the
interface due to surface charging [15 and references therein]. This might
not be the case at higher concentrations of Na, for instance in biological
samples, that could influence the ionization efficiency of the molecule,
determining variations of the secondary ion yields (matrix-enhanced SIMS
[29]). In contrast, the depth profiles performed with 10-keV Ar, " analysis
beams are always characterized by a strong rise of all ion signals at the
interface with the substrate as depicted in Fig. 2¢ (in this case, 10-keV
Aryseo* analysis). It is also worth noticing that the profiles acquired with a
10-keV Ar;500 " analysis beam show a true plateau without any substantial
intensity changes in the initial (transient) region, suggesting that the
sputtering yield volume is sufficiently high to remove enough damaged
material by the sputter beam so that an equilibrium is established [30]. In
this paper, the central region of the profiles characterized by constant ion
signals (plateau) will be referred to as the ‘bulk region’ of the thin film
under investigation, and it will be used for determining the (relative)
signal enhancement observed at the interface.

In order to confirm the enhancement effect present in the Ar-GCIB
depth profiles of Si-supported Irganox 1010 single-layers, a second ex-
perimental approach was attempted. To this purpose, Irganox 1010 films
on Si of different thicknesses ranging from (sub)-monolayers to ~50 nm

Table 2

Experimental conditions for ToF-SIMS depth profiling.
30-keV analysis beam 10-keV sputter beam E/n (eV/atom) Comment
Bis " Arsgn0 " 3.3 Reference profile
10-keV analysis beam E/n (eV/atom) 10-keV sputter beam E/n (eV/atom) Comment
Arggo™ 12.5 Arsoo0 " 3.3 Study of the effect of Ar cluster size (in analysis)
Aryso0™ 6.7
Arsgo0 " 3.3
Arsooo ™ 2.0
30-keV analysis beam 10-keV sputter beam E/n (eV/atom) Comment
Bis* Arys00" 6.7 Y calculation

Arsooo ™ 2.0 Y calculation
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Table 3
Target current of the different ion beams used in SIMS depth profiling.
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30-keV analysis beam Current (pA)
Bis* 0.04
Raster: 500 X 500 um?

10-keV sputter beam Current (nA)
Arzoe0 ™ 0.40
Raster: 1000 x 1000 um?®

10-keV analysis beam Current (pA)

Arggo™ 0.02
Aris00 " 0.07
Arzoe0 ™ 0.04
Arsooo ™ 0.007

Raster: 500 X 500 um?

10-keV sputter beam Current (nA)
Arzoe0 ™ 0.40

Raster: 1000 X 1000 um?

30-keV analysis beam Current (pA)
Bis* 0.04
0.04
Raster: 200 X 200 um?

Current (nA)
0.10-0.03

0.10-0.03

Raster: 600 X 600 um?

10-keV sputter beam
Arisoo "
Arso00 "

(total thickness of the films previously profiled: see Fig. 2a,c) were made
by spin-coating. Surface analysis was performed on each sample with both
30-keV Bis* and 10-keV Ar;soo* beams, this time without charge com-
pensation as the specimens are grounded. The intensities of the char-
acteristic fragment ions followed in the profiles of Fig. 2a,c are now
plotted as a function of the concentration of the spin-coated solution in
Fig. 2b for 30-keV Bis™ and Fig. 2d for 10-keV Arisp0", mimicking a
traditional depth profiling experiment. The analysis dose was kept con-
stant for all the spectra, thus no further normalization is required to
compare the intensities recorded on the different films. The signal of the
silicon substrate is illustrated to verify the sub-monolayer nature of the
thinnest coating. Fig. 2b (right) reproduces the traditional depth profile
relatively well, performed with 30-keV Bis™ analysis and depicted on
Fig. 2a (left): the relative secondary ion intensities are respected, as well as
the significant signal rise of the ion (M—H) ™~ with a maximum at 3.8 nm
from the silicon support (see XPS calculation for sample C in supporting
information). The same conclusion can be drawn for the 10-keV Arjsoo™
analysis beam (Fig. 2c versus d). It is worth noticing that also the relative
positions of the maxima near the interface of Fig. 2c are found in the
reconstructed profile of Fig. 2d, when they are sufficiently separated such

Positive ions

—
[t-CiHe* (57Da) |
I
I

(189 Da)

 CysHz0* (219Da)
C16H250* (233 Da)

C55H53°5*
(899 Da)

1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
|
|
|
|

_________________ i
C35H51 07‘
. (583Da)

1
1
1
1
1
1

CasHss07* (639 Da)

M+' — C73H108012+' (1176 Da)

as in the case of the ions (M —H) ™ in green and C;7H,503 "~ in yellow. The
smaller C;7H,503" ion is essentially one of the four identical arms of the
Irganox 1010 molecule (see Fig. 1). The intensity ratio between the two
ions varies at the interface in the depth profile of Fig. 2c in favor of
(M—H) ™. The higher increase of the quasi-molecular ion compared to
Cy7H,503 " (a fragment of the entire molecule) cannot be ascribed purely
to a fragmentation effect at the interface since it would determine the
opposite trend (the fragment ion intensity should increase to the expenses
of the molecular ion signal). This would be rather influenced by changes in
the charge transfer processes determining the ion formation when ap-
proaching the interfacial region. However, a more complex combination of
the two effects cannot be excluded. This will be the subject of study in the
present paper. Finally, the protocol using thin films of increasing thickness
demonstrates the validity of the depth profiling approach used in this
study to assess the molecular ion yield enhancement at the interface. The
latter presents a series of advantages, such as the removal of surface
contamination in addition to the possibility to cover a large spectrum of
beam conditions with a limited number of samples. The comparison of the
two different methodologies allows us to exclude major chemical damage
issues related to the sputtering of the specimen and its exposure to electron

Negative ions

C42H50°
(175 Da)

o-IT

[C4H:0, (71Da) |
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o |
|
|
|

H o
CsHgsO10” .. P
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/o .
o
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o
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(M-H)" — Cy73H14704" (1175 Da)

Fig. 1. Characteristic fragment ions of Irganox 1010 in positive polarity (left) and negative polarity (right). C;3H;08012™" (m/z 1176) and C3H;¢;012~ (m/z 1175)

are respectively the positive and negative molecular ions.
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Fig. 2. Negative ion depth profiles of an Irganox 1010 film on silicon substrate acquired with a 30-keV Bis™ (a) and 10-keV Ary500* analysis beam (c), respectively,
and a 10-keV Arsppo ™ sputter beam. Evolution of the intensities of the characteristic negative ions of Irganox 1010 overlayers on silicon as a function of the
concentration of the spin-coated solution when a 30-keV Bis™ (b) or a 10-keV Ar;s00 ™" analysis beam (d) is employed. The trend of each secondary ion detected in
depth profiling mode (a,c) is similar to that obtained with a different protocol using thin films of different thickness (b,d).

beam doses (charge neutralization) far in excess of the recommended limit
of 6 x 10'® electrons/m? for static SIMS [31-33].

The observed enhancement effect for the Irganox 1010 at the in-
terface with the silicon substrate might be explained by the con-
comitance of the following factors: 1) ionization changes in the inter-
facial region; 2) fragmentation changes in the ultrathin layer regime;
and 3) sputtering increases when the overlayer thickness decreases, as
was demonstrated experimentally [20] and modelled by MD simula-
tions on similar systems [34]. The next sections of this paper will
consider each of the presented hypotheses consecutively.

3.1. Positive ions

In order to investigate the influence of ionization changes on the
observed phenomenon, depth profiles were performed in the opposite
ion polarity, i.e. positive, on the same Irganox 1010 sample with the 30-
keV Bis™ (Fig. 3a) and 10-keV Ar;s00™ analysis beams (Fig. 3c), re-
spectively, and the 10-keV Arspp0* beam for sample etching. Our hy-
pothesis here is that, if variations of the charge exchange processes are
dominant, the evolutions of negative and positive ions might reveal
important differences, as was previously observed in the case of organic
photovoltaic layers near the interface with the inorganic substrate [35].
As anticipated in Section 2.4, the Si* ion signal will be used further on
in the text for the location of the interface instead of SIOH*. One needs
to bear in mind that the silicon wafer is covered by a ~1.3-nm native
oxide layer (determined by XPS [36,37]), therefore the oxide-related

signals like SIOH " rise before that of Si* [15,20].

Once again, the intensities of the bigger fragment ions rise near the
interface with the silicon wafer during 30-keV Bis ™ analysis (Fig. 3a),
as observed for CsgHg30o " (CR3-CH, *, solid triangles). Also the 10-keV
Ars00 " positive depth profile (Fig. 3c) presents signal enhancement for
all the fragment ions, such as C14H,; * (1897) and C;5sHp30™ (2197),
as was the case for the negative profile (Fig. 2c). Both positive profiles
were reproduced satisfactorily with the surface analysis protocol by
using films of increasing thickness, as shown in Fig. 3b,d.

The observation of the enhancement at the interface in both negative
and positive ion modes suggests that ionization is not the only cause of the
observed effects. Nevertheless, the enhancement seems much more pro-
nounced in the negative ion mode for 10-keV Arys0 " analysis. Therefore,
a contribution of ionization/matrix effects is probable. Finally, the sub-
strate signal recorded on the Irganox 1010 (sub-)monolayers under dif-
ferent analysis conditions shows a certain variability (Fig. 3b,d and Fig. 2b,
d) which is not primarily related to the different sampling depths of the
two ion probes used [38,39], i.e. 30-keV Bis™ and 10-keV Arysgo ", but
rather to the inhomogeneity of the coating. However, this coverage effect,
which determines a general diminution of the secondary ion intensities,
does not completely prevent the enhancement effect from being observed.

3.2. Fragmentation

Previous studies have demonstrated that the distribution of ionized
fragments emitted from organic surfaces under Ar cluster bombardment
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Fig. 3. Positive ion depth profiles of an Irganox 1010 film on silicon substrate acquired with a 30-keV Bis* (a) and 10-keV Ar;s00 " analysis beam (c), respectively
and a 10-keV Arsgo* sputter beam. Evolution of the intensities of the characteristic positive ions of Irganox 1010 overlayers on silicon as a function of the
concentration of the spin-coated solution when a 30-keV Bis™ (b) or a 10-keV Ar;s00™* analysis beam (d) is employed. The trend of each secondary ion detected in
depth profiling mode (a,c) is similar to that obtained with a different protocol using thin films of different thickness (b,d).

were dependent on the scaled energy E/n of the impinging cluster [40].
Therefore, in order to understand possible variations of fragmentation
in the ultrathin layer regime, it is also useful to capture the E/n de-
pendence of the observed enhancement for a series of characteristic
fragment ions. For this purpose, depth profiles of Irganox 1010 layers
(~50nm) on silicon were acquired by 10-keV Ar,* analysis beams of
four different cluster sizes n = 800, 1500, 3000, and 5000 atoms (E/n
[eV/atom] = 12.5, 6.7, 3.3, and 2), as shown in Table 2. In all the
experiments, the etching was performed by 10-keV Arsppe* ions. In-
depth measurements were done with both ion polarities. First, the
steady state region of each depth profile was identified to reconstruct
the corresponding bulk mass spectrum, which was then normalized by
the corresponding primary ion current. The secondary ion yields
(counts/primary ion (PI)) were then plotted as a function of E/n as
depicted in Fig. 4 (black symbols). The evolution of the yields can now
be compared with similar data sets that are found in literature as ob-
tained with different experimental protocols. Fig. 4 illustrates the re-
sults of Kayser et al. [27] on surface analysis of thick Irganox 1010 films
preceded by a gentle cleaning with a 5-keV Arys0o” beam (0.5 nA,
700 x 700 umz, 40s) to minimize the surface contamination and to
establish a better comparability [41]. The yields calculated by Kayser
et al. (red symbols in Fig. 4) refer to an ion energy of 20keV and
1000 < n (atoms/cluster) < 10 000 (n = 500 is omitted here). How-
ever, the two data sets can be compared in terms of the E/n ratio
[42,43], showing rather good agreement in the given ion yield evolu-
tions. Indeed, the ion yields for the deprotonated molecular ion

Cy3H1070:12~ and CsgHss506~ (CRy, = CH™ at m/z 607) increase with
decreasing E/n (or increasing n) until reaching a maximum at E/
n = 8eV/atom (or 2500 atoms/cluster) for Kayser et al., which is si-
milar in our case (~7 eV/atom). Moreover, the 1175~ /607~ intensity
ratio increases when increasing n, indicating a diminution of the frag-
mentation in both the surface and in-depth experiments. Thus, these ion
yields decrease when decreasing E/n or increasing n. The higher yields
at E/n = 2 in our data set could be ascribed to an inaccurate reading of
the 10-keV Arsgpo* analysis current that is barely measurable and/or to
a detrimental contribution of the sputter beam. None of these factors
affects the results discussed in this paper because they are based on a
comparison of the bulk-interface under the same beam conditions.
The methodology applied for the fragmentation study is the fol-
lowing. Fig. 5 describes how the ion signal enhancement (a) and the
position of the bump (b) at the interface of a depth profile are defined in
this work for a given ion. A Gaussian smoothing (% of FWHM: 30;
number of cycles: 2) was applied to all profiles before processing, in
order to reduce statistical noise especially for the largest n values.
Briefly, the signal enhancement for a given secondary ion (Fig. 5a) is
described as the difference between the maximum of intensity (after
normalization to 1) shown at the interface between the organic over-
layer and the substrate (silicon in Fig. 5) and the intensity in the bulk
region of the depth profile (averaged on several tens of data points). On
the other hand, the position of the bump is defined as the difference in
sputter dose (ions/cm?) between the maxima of the given ion and that
of Si* in positive polarity or HSiO3~ in negative polarity. Positive
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Fig. 4. Negative secondary ion yield in the bulk region of the 10-keV Ar,*
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tained with a different protocol, showing rather good agreement between the
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Adose values indicate that the bump is located before the maximum of
the substrate signal, whereas negative values indicate the opposite.
Prior to further experiments, the effect of the cleaning of the silicon
substrate, i.e. ultra-sonication in organic solvent (isopropanol) versus
Piranha-solution, was investigated on the Si-supported film of Irganox
1010 for a specific analysis condition that is 10-keV Arsgg ™. The re-
lative results (ion signal enhancement and shift at the interface) are
reported in supporting information. In Fig. S4, it is apparent that the
Piranha cleaning, although largely used for the removal of organic
contamination, does not seem to be necessary in the present study. On
the contrary, it has been observed that, if not properly carried out, the
use of the Piranha solution introduces new sources of contamination
such as sulphates SO, ~, which will predominate in the Ar-GCIB spectra
because of the higher surface sensitivity of argon clusters compared to
the Bi, " analysis ions. One also need to bear in mind that the low pH of
the Piranha solution provokes the dissolution of inorganic deposits such
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as metal oxides and carbonates, which alter the silicon surface in an
uncontrolled manner. This is problematic when studying the interface.
Therefore, it was decided to perform the cleaning of the silicon wafer
with only organic solvents, and to carefully select the fragment ions
that present any contributions from surface contaminants.

Fig. 6 shows the ion signal enhancements and the positions of the
maximum intensity observed in the interfacial region for a series of
characteristic ion fragments of an Irganox 1010 film on silicon (refer to
Fig. 1 for the structure of the fragments), respectively, in the positive
and negative ion polarities. In the negative polarity (c,d), the ions 257,
417,49 and 527 are not strictly representative of the molecule being
studied as they are the low mass ions C;H™, CbHO ™, C;H™ and C30™.
However, all these peaks were chosen because they are mainly one-
contribution peaks, and thus not problematic to work with the low M/
AM of the GCIB analysis beams. In Fig. 6a,c, one can observe that, for all
the considered ions, the intensity increases at the interface with the
silicon substrate. In addition, the position of the bump becomes closer
to the Si signal (Si™ and HSiO3; ) when the m/z decreases as shown by
the green symbols in Fig. 6b,d. Finally, when considering different
cluster sizes for the Ar,,* analysis beam, the signal enhancements of all
the reported ions increases as E/n decreases or n increases. For the
smallest fragments, the intensity in the bulk drops to zero so that they
are only detected in close proximity to the interface (enhancement
equal to 1). On the other hand, the position of the intensity rise at the
interface decreases as E/n decreases. These two trends are clearly ob-
served by the negative ion polarity in Fig. 6¢,d.

The molecular ion C,3H;05012 " involves only an electron loss to be
formed (thus, no bond cleavage is involved). Therefore, if fragmenta-
tion were the only factor to be accounted for the observed enhancement
effect at the interface, the ion C;3H;0g012" should not display any
changes in ion yield. However, this ion is showing a significant en-
hancement (0.28 with Argge™) similarly to the other characteristic
fragments considered in Fig. 6a, suggesting that ionization and/or
sputtering variations might play a role too (in agreement with the ob-
servation done in Section 3.1). Angerer et al. have reported the depth
profile of a 50-nm thick Irganox 1010 film on Si wafer acquired with a
continuous 40-keV Ar, beam on the J105-3D Chemical Imager, where
the (M—H) ™ is plotted [14] (the comparative data are reported in
supporting information, Fig. S5). In those profiles, the pseudo mole-
cular ion at m/z 1175 shows a small bump just before the interface is
reached under different analysis conditions, i.e. 40-keV Arsgoo™,

A
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1 T T T
3x10™ 4x10™ 5x10" 6x10"

10-keV Ar__* sputter dose (ions/cm?)

3000

Fig. 5. (a) Definition of the ion signal enhancement for a given fragment as the difference between the maximum of intensity (after normalization to 1) shown at the
interface between the organic thin film and the substrate (silicon in this case) and the intensity in the bulk region of a depth profile. Data smoothing is applied prior to
analysis. (b) The position of the bump shown by the different fragment ions at the interface with the substrate is expressed as a difference in sputter dose between the
maxima of the given ion and that of Si* in positive polarity, or HSiO3~ in negative polarity. Positive values indicate that the bump is located before the maximum of

the substrate signal, whereas negative values describe the opposite case.
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Fig. 6. Ion signal enhancement (a,c) and its location in relation to the substrate position (b,d) of characteristic fragments of Irganox 1010 films at the interface with
the silicon wafer observed in depth profiling with four different 10-keV Ar, ™ analysis beams (points with different colors). In all the experiments, the sputtering was
performed by means of a 10-keV Arzog " ion beam. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Argg00t and Arjgoet. These results are consistent with the present
contribution, since the ion (M—H)~ presents a significant signal en-
hancement when similarly analyzed by a 10-keV Argyo* cluster beam
both in analysis and sputter mode (E/n = 12.5eV/atom), not shown
here (resp. 40-keV Arso00™*).

In the positive ion polarity, a series of hydrocarbon ions CH,"*
where the interference of the O-containing ions is minimal, have also
been studied. Fig. 7 depicts the ion signal enhancement (a) and the
position of the maxima at the interface (b) for small hydrocarbons up to
m/z 110, as a function of different Ar," cluster sizes (represented in
different colors). The t-C4Ho* ion is very characteristic of the Irganox
1010 since it is produced by the breaking of the (t-C4Hg)>-Phe- moiety
contained in each of the four groups linked to the pentaerythritol core
of the molecule. This explains its high intensity in the bulk of the dif-
ferent profiles and, consequently, the lowest values in Fig. 7a. Aromatic
ions in each C, (x = 4-8) cluster are indicated in grey because of their
singular behavior due to resonance stabilization, determining smaller
enhancements [44]. Also, it is worth noticing that, with increasing
cluster size of the Ar,” analysis beam, the smallest ions of each C,
series are no longer detected because of the limited fragmentation in-
duced by the primary ions. This explains why the curves present fewer
points with increasing n.

Fig. 7 shows a periodic variation of each C, (x = 1-8) ion series as a
function of the H content: the signal enhancement increases when the H
content decreases, as demonstrated for instance by the following series
C,Ho" < C;Hg' = G/H," (arom) <« C;H;™". Instead, in Fig. 7b, the

distance of the bump with respect to the silicon interface decreases as
the H content decreases. In other words, in each C, (x = 1-8) series, the
more the ions are fragmented or dehydrogenated, the higher is the
fraction of the ion produced in the vicinity of the interface and the closer
to the silicon substrate this ion will be generated. These sequences follow
the internal energies needed to create the considered ions, CXH},+ —
CiHy.n* (n =1, 2, ...). The more the initially saturated ion (ex. C;Ho ")
is deprived of H atoms, the more internal energy it must have received.
These systematic trends within the C,(Hy+ (y = 2x-1) series when the
number y of H atoms decreases was already observed in the broadening
of the kinetic energy distributions (KEDs) measured on aliphatic and
aromatic polyolefins by Delcorte et al. [45,46]. The phenomenological
model considered an initial transfer of momentum and energy during
the sputtering event, leading to the emission of a precursor hydro-
carbon fragment, which was followed by a fast reorganization in the
vicinity of the surface when the ion internal energy was in excess (in
that case mainly consisting in H elimination to produce a less saturated
ion). The threshold for the dehydrogenation process to occur was then
given by the difference of formation energy between the original
fragment and the reorganized fragment states. It was roughly propor-
tional to the number of cleaved C-H bonds [45 and references therein].
In addition, it was evidenced by Cristaudo et al. by GCIB sputtering
experiments [20] and Delcorte et al. by MD simulations [34], respec-
tively, that the kinetic energy of the Ar,* cluster deposited in the or-
ganic overlayer was partly confined at the interface with a harder
substrate such as silicon due to its much higher stopping power,
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Arzogot ion beam. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

resulting in a significant increase of the sputtering yield in the inter-
facial region (see Section 3.3). In this region of the depth profile, de-
hydrogenated ions can be produced in a more efficient way due to the
transfer of a larger amount of kinetic and internal energy (rotational
and vibrational), which is directly released by fragmentation, resulting
in an increased ion signal enhancement as the H/C ratio decrease.
Additionally, the fraction of the ions produced at the interface as a
function of the dehydrogenation should increase as one approaches the
interface from the organic overlayer, following the gradient of the en-
ergy deposited by the ion projectile [47,48]. Therefore, in the C; series,
for instance, this should determine a shift of the maximum signal at the
interface in the following order C;Ho* > C,Hg* = C,H," > CH;*.
Also the effect of E/n can be explained by the same arguments. Indeed,
the ion signal enhancement increases when E/n decreases because of
more efficient energy confinement at the interface with the silicon (see
t-C4Ho™). This is shown in Fig. 7b where the more fragmented (dehy-
drogenated) ions are generated in the very vicinity of the hard sub-
strate.
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Finally, saturation of the evolution of the ion signal enhancement as
a function of E/n for most of the C,H,* ions is already reached at a
value of around 3 eV/atom (i.e. 10-keV Arzge*), meaning that these
fragments are produced uniquely at the interface. In other words, in the
bulk region of the profiles the fragmentation threshold, i.e. the for-
mation energy difference of the involved ion with respect to its pre-
cursor, is reached only with the 10-keV Ar;s500 " analysis beam whereas
in the other cases this happens exclusively at the interface due to energy
nanoconfinement [20]. From Fig. 7 it is clear that the fragmentation at
the interface constitutes a crucial factor in determining the intensity
increase at the interface, as well as the maxima shifts. The role of the
fragmentation is confirmed by the MD simulations conducted in Cris-
taudo et al. [20]. In this paper the model was a coarse grain re-
presenting an amorphous film of polyethylene-like oligomers. It has
been calculated that under bombardment with 10keV Arsggo, the en-
ergy confinement effect starts causing fragmentation below 5nm [un-
published data].

In order to check that the observed effects were not mainly sample-
dependent, other materials were investigated such as PS 1 k and PMMA
2 k. Fig. 8 presents the comparison of the depth profiles for a thin layer
of PS 1k on silicon substrate acquired with a 30-keV Bis " and a 10-keV
Arys00 ™ analysis beam, respectively. CgHo* is the protonated monomer
(m + H)* of polystyrene (CH,CH(C¢Hs)),, whereas C;6H;s* con-
stitutes the deprotonated dimer (2m-H)™". For all the reported char-
acteristic fragments of PS 1k, one can see an intensity enhancement
only in the profile recorded with the GCIB analysis beam (red-contour
symbols), similar to the case of the Irganox 1010. Here, one can also
find the maxima shifts at the interface — see that the smaller CgHs™* is
shifted more towards the Si* signal compared to larger fragments such
as CigHis™ (i.e. more internal energy is required to form CeHs™).
Fig. 8b illustrates the enhancement for a larger series of characteristic
fragments of the polymer. Because of the oligomeric nature of the
polystyrene used, it was possible to individuate the molecular weight
distribution in the positive ion mass spectra and pick CgsHo; ™ as one of
its most intense peaks. All the ions in the m/z ranging from 12 to 1100
show a bump at the interface. Finally, as was the case for Irganox 1010,
the ion signal enhancement increases with decreasing E/n or increasing
n, with the smallest fragments reaching saturation (enhancement equal
to unit) at 3 eV/atom.

The interpretation of the polystyrene data is consistent with the
discussion developed for Irganox. Ions such as C;H,*, CgHo ", CoHo ™",
CisHis™, CigHyzt or @m+H)™, CgsHoy ™ or (M+H) ™ present lower
enhancements of around 0.5-0.6 as they are more PS-specific. Indeed, it
has been determined by low and high energy collision-induced dis-
sociation (CID) MS/MS studies [49] that fragment ions such as CgHo ™,
CoHo ™ and C;5H;5™" are derived directly from the main chain structure
of the polymer, whereas ions such as C;oHg ™ and C;3Hs™* are related to
cyclization reactions that occur at higher internal energies, explaining
their enhanced formation in proximity to the interface (thus higher
signal enhancement). It is worth noticing that t-C4Ho " constitutes the
end-group of PS 1k, being synthesized by anionic polymerization, and
thus representative of the polystyrene as well. This explains the dif-
ferent behavior of C4Ho* with respect to other low m/z fragments.

The results obtained on a PMMA 2k thin film in both positive and
negative polarities and in the m/z range 0-200 are reported in the
supporting information (Fig. S6, 10-keV Ar;500 " analysis beam). Fig. S6
shows a significant fragmentation near the surface for ions below m/z
100 or the repeating unit (CsHgOs),, while the enhancement is very
little (<0.2) for higher mass values. It could be hypothesized that the
observed difference between PS 1 k and PMMA 2k could be ascribed to
the different degradation mechanism upon keV ion bombardment. In
fact, PS mainly undergoes cross-linking reactions which determine an
increase of the molecular weight that slows down the erosion, whereas
PMMA principally undergoes chain scission and/or unzipping (depo-
lymerization) reactions which favor the sputtering process [8,25,50].

Finally, the last hypothesis that needs to be evaluated concerns the
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Fig. 8. a) Depth profiles of a silicon-supported PS 1k film acquired with a 30-keV Bis*
represents one of the most intense peaks of the molecular weight distribution) shown
analysis beams are used (n = 1500, 3000, 5000). In all the experiments, the sputtering

of the characteristic fragments of the polystyrene oligomer (note that CgsHo; *
at the interface with the silicon substrate when three different 10-keV Ar, "
was performed by means of a 10-keV Arsgoo* ion beam.

variation of the sputtering efficiency at the hybrid organic(soft)-in-
organic(hard) interface. It will be presented in the next section.

3.3. Sputtering

In order to verify our last hypothesis concerning the effect of the
sputtering variation on the signal enhancement at the interface (na-
noconfinement effect [20]), we decided to repeat the Irganox 1010
experiments conducted in Section 3.1 (Figs. 2 and 3), on a soft PET
substrate instead of silicon wafers. Fig. 9 depicts the positive (a,b) and
negative (c,d) polarity profiles acquired with a 30-keV Bis* and a 10-
keV Ar;s00 ™ analysis beam, respectively. It is obvious that there is no
signal enhancement for the most characteristic fragment ions of the
Irganox 1010 molecule. The fact that the effect is only observed on hard
substrates suggests that the sputtering must be playing an important
role in the observed phenomenon.

Fig. 10 shows the enhancement of the sputter yield volume in the
ultrathin film regime for Irganox 1010 overlayers on silicon wafer in
two extreme sputtering conditions used in this work — 10-keV Arysoo ™"
(E/n = 12.5eV/atom) and 10-keV Arsooot (E/n = 2eV/atom). The
experimental sputter yield enhancement factor SYEF is defined as
(Y -~ 10nm —Ypu)/Y ~ 10nm @nd it increases with decreasing E/n from 0.35
for Arys00” to 0.55 for Arsgge™. This indicates that the energy con-
finement at the interface between a soft material and a hard substrate
such as silicon becomes more efficient with decreasing E/n, explaining
the effect of the E/n on the ion signal enhancements and the relative
locations of the bump with respect to the substrate illustrated in Fig. 6
and Fig. 7, respectively for the characteristic fragments and the small
hydrocarbon ions C;_g of Irganox 1010 on silicon, and Fig. 8b for the
PS1k film on silicon. Indeed, in a given profile the ion signal en-
hancements increase, and the maxima locate closer to the silicon sub-
strate, as E/n decreases. The variation of the sputter yield enhancement
with E/n is consistent with the trends of the universal sputtering curves,
where the difference between the curves measured for organic mate-
rials (Irganox 1010) and inorganic materials (Si, SiO,) increases sig-
nificantly when E/n decreases [42]. As MD studies show, the relative
difficulty of larger Ar clusters to sputter inorganic materials directly
relates to their energy per atom, becoming too low to dislocate the
atoms from their lattice positions below a certain E/n (around 2 eV for
Si [51]). In that case, the energy transferred to the substrate diffuses via
pressure waves and thermal excitation. In parallel, the backscattered
energy fraction increases.

1.0x10"
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and a 10-keV Ary50o " analysis beam, respectively. b) Ion signal enhancement

In order to compare the sputtering variations to the ion signal en-
hancements better, an average ion enhancement factor (AIEF) is de-
fined as the average of the enhancements determined for the Irganox-
specific (positive + or negative —) ion fragments taken into considera-
tion in Section 3.2 (see Fig. 6). Even with the caveat that this AIEF
parameter might not be fully representative because it is based on a
selection of ions, it should help identify the major trends. The relative
AIEF (+) and (—) values are reported in Table 4. Both AIEF (+) and
(—) are consistently higher than SYEF (experimental and estimated at
3.8 nm), suggesting that the substrate provides a separate ionization
enhancement for both ion polarities in addition to the sputtering in-
crease explained by the energy nanoconfinement. Furthermore, the
AIEF values are generally higher in the negative polarity compared to
the positive one, indicating that this polarity is more subjected to io-
nization/matrix effects as already anticipated in Section 3.1 (Fig. 2
versus Fig. 3). Like SYEF, AIEF increases with decreasing E/n, and the
ratio of the two factors does not vary much with varying cluster size
(see Arys500 " versus Arsgoo ). The values reported in Table 4 for AIEF
and SYEF estimated at 3.8 nm suggest that the sputter yield variations
represent the major contribution to the average ion yield enhancement:
~80% in the positive polarity and ~70% in the negative polarity.
However, beyond these average values, our results show a great di-
versity of behaviors for the different secondary ions, as was illustrated
in Figs. 6 and 7 for Irganox, in Fig. 8 for PS and in Fig. S6 for PMMA.
The origin of these distinct behaviors must be found in specific ioni-
zation and fragmentation mechanisms. In particular, the contribution of
the fragmentation changes at the interface was demonstrated in Section
3.2 with hydrocarbon ions, for which the enhancement follows the
increasing internal energy required for their formation. This “second
order” effect is dramatic under Arsooo' analysis, where most of the
considered ions - absent in the bulk - start to be gradually produced
when the interface is approached.

4. Conclusions

This study demonstrates the systematic enhancement of the ion
signals in the interfacial region of the depth profiles of Irganox 1010
and PS 1k films when using large argon clusters for analysis. For the
first time, a correlation between the cluster size n or energy per atom E/
n and the ion signal enhancement near the silicon substrate, as well as
the maxima shifts, is established for both ion polarities. Three different
hypotheses are formulated to explain the observed phenomenon, which
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Fig. 9. Positive and negative ion depth profiles of an Irganox 1010 thin film deposited onto PET acquired with a 30-keV Bis* (a,c) and 10-keV Arys00™ analysis beam
(b,d), respectively. In all cases, a 10-keV Arsppo " ion beam was employed to sputter the sample.
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Fig. 10. Sputter yield volumes Y as a function of the thickness of Irganox 1010
films on silicon wafers for two distinct sputtering conditions, i.e. 10-keV Ar;sgo "
(open circles) and Arsgg ™ (solid triangles). The sputtered volume of the two
thickest overlayers is based on profilometry data of the measured craters.

advocate variations of sputtering and fragmentation at the organic—i-
norganic hybrid interfaces, as well as ionization/matrix effects. First,
our measurements indicate that the sputtering yield increase in the
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Table 4

Average ion enhancement factors (AIEF) determined in both positive (+) and
negative (-) polarity for the Irganox 1010 films on silicon wafer analyzed with
different 10-keV Ar, " beams (refer to Fig. 6). The sputter yield enhancement
factors (SYEF) are reported in the two last column for two different analysis
conditions: 10-keV Arjsoot (E/n = 12.5eV/atom) and 10-keV Arsgoo” (E/
n = 2eV/atom). The experimental SYEF refers to the measured values at
around 10nm, whereas the estimated SYEF refers to the maximum value
achieved at 3.8 nm (bump location as determined by XPS).

10-keV Ar, " Irganox 1010
analysis

conditions AIEF (+) AIEF (-) SYEF SYEF

(experimental) (estimated)

Argoo ™ 0.48 + 0.13 0.39 * 0.07 — —
Arys00™ 0.50 = 0.18 0.64 = 0.14 0.35 0.43
Arso00 ™" 0.68 = 0.18 0.83 = 0.14 — —
Arsooo " 0.80 + 0.16 0.94 + 0.09 0.55 0.66

ultrathin regime constitutes a major contribution in the observed ion
signal enhancements at the interface for Irganox 1010 films. It is also
demonstrated that more fragmented ions are generated closer to the
hard substrate. Additionally, this fragmented fraction increases with
decreasing E/n as the energy confinement increases. Finally, the sput-
tering and fragmentation changes are not the only variations that ac-
count for the ion enhancements in the interfacial region since also io-
nization/matrix effects intervene, especially in the negative polarity for
the Irganox 1010 molecule. The concomitance of these different factors
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makes the picture of the situation very complex. To further clarify the
influence of ionization/matrix effects, future investigations should
focus on systems known for ionization enhancement and suppression at
the interface. A better understanding of ionization phenomena at the
interface is important for the analyst, since the consequent apparent
broadening or sharpening of the interface can lead to erroneous as-
sessments of interface location, width and depth resolution of the SIMS
molecular depth profiles.
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