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Gas cluster ion beams (GCIB) are a relatively new technique for depth profiling organic and sensitive materials.
There are only few studies on XPS cluster depth profiling of inorganic materials particularly oxides. In this work a
systematic study is presented on a technologically very important system SiO»/Si which is also regularly applied
as a reference in depth profiling studies. In this work clusters of various energies (8 and 6 keV) and of Ar sizes
(1000, 500, 150) are used for depth profiling and compared to that of using monatomic (0.5 keV) argon ion

sputtering. It is shown that non-stoichiometric silicon oxide is formed at the interfaces, which is the most
dominant in the case of cluster of 8 keV 150 while the lowest in the case of cluster of 6 keV 1000. Interestingly in
the case of monatomic sputtering the presence of non-stoichiometric oxide remains low compared to other
cluster configurations. AFM measurements have shown roughness increase for all cluster depth profiling con-
figurations while only slight roughening was found in the case of monatomic sputtering. Monatomic sputtering
still represents a safe alternative for depth profiling inorganics with reasonable sputtering rate.

1. Introduction

Silicon dioxide (SiO-2) thin films on silicon substrates are one of the
most important material systems in surface and interface science [1]. Its
main application is in semiconductor industry e.g.: is widely used as
surface passivation coating in silicon solar cells [2], as dielectric layers
[3] and diffusion barriers [4]. With continuous miniaturization of device
architectures, oxide thicknesses are mostly in nanometer range, the
reliable characterization of thin SiO2/Si structures are essential for both
fundamental studies and technological applications. Moreover, it is
frequently used as a substrate for various systems (polymers, semi-
conductors, metals) and increasingly used as a reference material for
sputter rate [5].

X-ray photoelectron spectroscopy (XPS) is a key technique for
investigating the chemical composition of nano-layers due to its
elemental specificity and chemical-state sensitivity. The technique can
be combined with different ion sputtering techniques for investigating
deeper regions. During a long time, monatomic ion bombardment was
dominantly applied for these tasks. But from the 1980 years works
appeared where the single ion has been replaced by clusters (made of
solid, liquid or gas atoms) for various aims: smoothing, cleaning,
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shallow ion implantation etc. [6-8]. From the years of 2000s activity
started for the usage of various clusters for XPS depth profiling as well
[9,10]. Though both techniques, monatomic and cluster bombardment,
are low energy ion bombardments and both cause alterations on the
surface and in the surface close regions, still the two mechanisms are
strongly different. In the case of monatomic ion bombardment, the en-
ergies of the interacting particles generally are higher than 100 eV. Their
interaction with the surface can be described by mainly binary in-
teractions and non-interacting thermal spikes. Because of fast relaxation
individual events generally do not interact. In the case of cluster
bombardment, the energy of the individual particles is much lower than
that in case of monatomic bombardment. The energy of the single pro-
jectiles is in the range of 3-20 eV, and accordingly the alterations of the
surface and surface close region introduced by the individual particle are
much weaker than that in the case of monatomic bombardment. On the
other hand, in the case of cluster bombardment several interactions
occur in the narrow time interval, which allows the interactions among
the individual events. It should be also considered that the several keV
energy of the cluster absorbs in the surface region, which might cause
temperature rise. Thus, it is not easy to tell which of the two methods is
to be applied in a certain case. The consensus is that for analysis and /
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removal of thin organic layers is the field for cluster bombardment,
while in the case of inorganic samples such simple statement cannot be
made. E. g. considering the important characteristics of the depth
profiling procedure like preferential sputtering and depth resolution
sometimes behave differently. Until recently, limited work had been
published on the use of Aryg gas cluster ion beam (GCIB) sources for XPS
depth profiling of inorganic compounds, in particular metal oxides,
despite their importance as functional thin films.

To deal with this confused situation Simpson et al. [11] in their
seminal paper studied the possibility to apply clusters for XPS depth
profiling. They studied the Ar" cluster bombardment in the case of
Tay0s layer grown on Ta foil, which is in fact a standard (European
standard BCR-261T) for calibrating sputtering rate. It is well known that
monatomic sputtering (they used 3 keV and 0.5 keV Ar") causes
considerable reduction of the oxide because of the preferential sput-
tering of oxygen and this change reaches a steady state during the
sputter removal process. In case of Ar' cluster bombardment (6 keV
Arigoo) they also observed preferential sputtering of oxygen but
different from that of monatomic ion sputtering; the composition of the
Tap05 layer continuously varied. In this respect the chemical effect of
the cluster bombardment is less than that of monatomic bombardment
as expected. On the other hand, the depth resolution was found to be
better for monatomic bombardment. Similar results were published by
Burrell et al. [12]. They studied the XPS depth profiling of zirconium
oxide using cluster and monatomic etching, and found that the chemical
damage and depth resolution are better and worst for cluster
bombardment compared with monatomic bombardment, respectively.
To get the best possible results they used the GCIB sputtering to remove
the “bulk” part of the layer and conversing the chemical state, while
close to the interface they change for monatomic bombardment to keep
to good depth resolution. Barlow et al. [13] studied the chemical dam-
age of the cadmium telluride (CdTe), gallium arsenide (GaAs), gallium
phosphide (GaP), indium arsenide (InAs), zinc selenide (ZnSe), hafnium
oxide (HfO) due to GCIB treatment. All except one, InAs, of the
mentioned compounds were rather resistant to GCIB. InAs on the other
hand, it showed serious damage. Moreover, it turned out that in the case
of HfO there was no O preferential sputtering. Steinberger et al. have
examined FeO and Zns(CO3)2(OH)g(hydrozincite) using a range of
different Ar;CGIB conditions [14]. Preferential sputtering of O was
observed both for hydrozincite using Ar3og at incident energies of 4 keV
(E/n = 2) and FeO using Arjgg at 6 keV (E/n = 3). Aureau et al. have
shown that 4 keV Ardgoo does not induce change the chemical state in
titanium in single crystal SrTiOs, the strontium has shown a minor
chemical change in longer etching time [15]. Thus, one cannot give
simple rule concerning the chemical damage of cluster bombardment. It
is also important to mention that none of the studies dealt with the
morphology development due to cluster sputtering.

Even though the SiO,/Si system is one of the most intensively studied
layer systems, its systematic investigation by XPS depth profiling is very
limited. Perhaps only Kyoung et al. investigated the variation of valence
band structure of 5 nm SiO thin films during various depth profiling:
Art 0.5 keV/45° and 15 keV Ar3sgg clusters (0° and 55° with respect the
surface normal) [16]. According to the expectation they found that the
chemical damage (preferential sputtering) in case of monatomic Ar" is
the largest. The depth resolution had not been studied and the assess-
ment of different bonding states at the interfaces is missing. The history
of monatomic ion bombardment of SiO2/Si system goes back to decades.
On the other hand, Baer et al. [5] used the SiO, (thermal oxide) /Si
(substrate) system as a standard for determining the relative sputter rate
of several commonly used oxides in case of XPS and/or AES depth
profiling applying monatomic ion bombardment. The choice of the SiOy
(thermal oxide) /Si (substrate) system for this purpose is justified by
several factors. The most important one is that the semiconductor in-
dustry can supply excellent, well-defined samples which are not too
sensitive for the monatomic ion bombardment [17] thus, the change of
chemistry which might affect the evaluation process see Ref [11] can be
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ignored.

Herein, XPS depth profiling of a nominally 15 nm SiO2/Si system
made by thermal process is performed using cluster ion sputtering at
different energies and cluster sizes and compared with monatomic ion
sputtering. This oxide thickness is sufficiently thin to investigate inter-
facial effects while it is thick enough to monitor the sputtering-induced
chemical changes. The influence of sputtering conditions on oxide
reduction and interface sharpness is systematically evaluated. Surface
morphology development is studied by AFM. As SiO: is widespread both
as functional material and a reference system in surface analysis, the
results might be relevant in the characterization of thin oxide and
multilayer systems, as well.

2. Experimental section
2.1. SiO2/Si production and ellipsometry

The nominally 15 nm thick SiO2 layer grown on a n-type 100 silicon
substrate was produced in an oxidation furnace at 900 °C with an 8 1/
min oxygen stream. The thickness of the thermally grown SiO, layer was
determined by spectroscopic ellipsometry using a Woollam M-2000
ellipsometer. Data were analyzed with the CompleteEase software
(v5.15) in the 191-1689 nm wavelength range. A SiO, layer (from the
built-in library) was used in the optical model on a Si substrate. The
thickness of the SiO5 layer was found to be 14.7 nm.

2.2. Transmission electron microscopy

For investigating the SiO/Si interface cross-sectional transmission
electron microscopy (XTEM) measurements were performed in a FEI-
Themis Cs-corrected transmission electron microscope operated at 200
kV. The sample for XTEM measurement was produced by FIB ion milling
in a Thermo Scientific Scios 2 scanning electron microscope. The XTEM
image of the sample is depicted in Fig. 1., it reveals a sharp and smooth
interface without the presence of any additional interfacial layer.

2.3. XPS depth profiling

The XPS analysis was performed in an Escalab Xi' instrument

" Pt ovetlayer fronv'FIB lamella thinning -

Fig. 1. The XTEM image of SiO,/Si sub sample.
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(Thermo Fisher Scientific). The spectra were recorded applying Al K o X-
ray source (1486.6 eV). The size of the X-ray spot was 650 um, which is
much smaller (see later) than that the sputter crater and thus crater
effects can be ignored. To reduce charging, the samples were mounted
using double-sided carbon tape onto a stainless-steel holder and the
carbon tape was additionally extended over the sample surface to ensure
electrical contact. In all XPS measurements exactly the same instru-
mental parameters have been applied. Silicon (2p), carbon (1 s) and
oxygen (1 s) high-resolution spectra were measured within the spectral
range of interest (ca. 20 eV around the core level emission peaks) at 20
eV pass energies with 0.1 eV steps and 50 ms dwell time per data point.
All spectra were collected at normal emission angle. To analyze the
change of chemical states during depth profiling, the decomposition of
the Si 2p spectrum was applied, since the individual oxidation states
(Si°>-Si**) appear with well-defined chemical shifts. In contrast, the
chemical shifts of the O 1 s peak are significantly smaller, and the
contributions of the different Si—~O bonding environments largely over-
lap, making it only partially suitable for the reliable identification of Si
suboxide components [18,19]. Though we know that sample composi-
tion changes within the information depth still as an approximation
CasaXPS software [20] (which should apply to homogeneous system)
was applied. For decomposing the Si 2p peaks GL(30) peak shapes
(Gaussian-Lorentzian product function with a mixing parameter of 30)
and Shirley-background subtraction was applied. The elemental Si (Si%)
peak was fitted with a doublet. For the Sit, Si%*, $i3* and Si** oxidation
states, however, since these peaks are much broader and the compo-
nents overlap strongly, and the magnitude of the spin—orbit splitting is
comparable to the chemical shifts, the resolution of all oxidation states
with separate doublets cannot be considered unambiguous. Therefore,
each oxidation state was considered with a single peak. To ensure
consistent peak fitting, 8 keV Ardgo depth profile was initially peak fitted
to establish the peak fitting parameters with which all subsequent depth
profiles were fitted. Fig. 2 shows representative Si 2p spectra at the
interface region at different sputtering steps. The spectra are presented
without additional post-processing beyond standard background sub-
traction. The low binding energy component is assigned to elemental Si
(Si%), while higher binding energy features correspond to oxidized Si-O
species [18,21]. During depth profiling, the elemental Si component was
used as an internal reference, as its binding energy remained stable
within experimental uncertainty. In contrast, the SiOz-related compo-
nent exhibited binding energy shifts due to differential charging.

For depth profiling we have applied the default setting of the
equipment which is: angle of incidence of 45°, area of sputtered region is
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2.4. AFM measurements

The surface topography after removing the surface oxide layer was
investigated by a Bruker Multimode 8 AFM equipped in tapping mode
with a RTESPA-525 type tip mounted on a stainless-steel cantilever.
Scan sizes of 3 x 3 pm were chosen for all samples, 3 different positions
were measured. All AFM images were flattened using a second order
polynomial in the X and Y directions to correct for curvature caused by
piezo tube bowing.

3. Results

It is known that the conventional monatomic ion sputtering, typi-
cally Ar* ions can introduce significant artifacts such as interfacial
broadening, preferential sputtering and atomic mixing. Cluster ion
sputtering is known to preserve chemical bonds however its use for
inorganic material is limited due to the low sputtering yield, therefore
they are mainly used in depth profiling of organic and hybrid materials
[22] Due to their lower energy per constituent atom and more distrib-
uted energy deposition, cluster ions can significantly reduce chemical
modification and atomic mixing during sputtering. XPS enables clear
distinction between fully oxidized Si** and reduced Si suboxide states
(Si*-Si**), making this system particularly well suited for assessing
sputter-induced reduction, interface broadening, and depth resolution.
The argon sputtering parameters with the corresponding ener-
gy/particle and the practically important required time for reaching the
interface are summarized in Table 1.

The ion/cluster beam densities have not been measured. The values
in Table 1 are the experimentally measured times required to reach the
SiO4/Si interface for various ion beam parameters applied in this work.
Since the beam current density was not measured, these values cannot
be converted into absolute sputter yields. Thus, the parameters shown in
Table 1 should be only used for designing an experiment.

3.1. AFM data

Fig. 3 shows the AFM images obtained for the samples after removing
~15 nm layer thickness. The calculated RMS values together with

Table 1
Various argon sputtering parameters with the corresponding energy/particle.

Projectile  Energy Energy/ particle Time to reach the interface (s)
2 x 2 mm and standing sample. Monatomic Ar" ion with an energy of (keV) (eV)
0.5 keV and 6 keV Ariogg and 8 keV Arioo,500,150 clusters were used for At 0s 500 300
investigating the effect of different kinds of ion bombardments on the Attooo 6 6 3600
SiOy/Si sample. Profiles using the same ion beam conditions were Arfooo 8 8 1400
PITT) . +
measured more than once and reasonable reproducibility was reached in Ars00 8 16 1260
Arfso 8 53.3 1400
all cases.
—— Si 2p measured —— Si 2p measured| —— Si 2p measured|
(a) cc. 9.8 nm Sit* (b) cc.11.2nm Si* (c) cc. 12.6 nm Si**
Si°2p 1/2 Si°2p 1/2 Si°2p 172
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Fig. 2.

Si** 2 3+ for Si in SiO,. For the details of decomposition see text.

Variation of the Si 2p peak in the interface region at various depths a. ~ 9.8 nm; b. ~ 11.2 nm; c¢. ~ 12.6 nm. Si° stands for elemental Si, Si*" for Si in SiO,,
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Fig. 3. Tapping mode AFM images a. SiO, pristine b. monatomic Ar' c. 6 keV Ar{poo d 8 keV Arjpoo €. 8 keV Ardgg f. 8 keV Arjs, sputtered samples.

statistical evaluation are provided in Table 2. The RMS roughness for the
pristine samples is within sub-nanometer roughness regime reported for
high-quality thermally grown SiO- films [23,24]. We can see that all ion
bombardment applied increased the roughness of the sample.
Monatomic sputtering increased the roughness slightly while cluster
sputtering resulted in a much rougher surface. There are very limited
studies on morphology development due to cluster sputtering. Shard
et al. [25] investigated sputter induced morphologies on GaAs by SEM
employing a rastered ion beam at an angle of 60° to the surface normal.
They have shown that ripples do not form during 3 keV monoatomic
argon sputtering in gallium arsenide, while during 8 keV Ar{goo argon
cluster sputtering ripples were formed. Kyoung et al. [26] investigated
Si/Ge multilayers on Si (100) single crystal by 20 keV Ar3sqg cluster
sputtering. They have shown the wave length of the ripples on the Si
substrate being cc. 200 nm, which was perpendicular to the argon beam
direction. Romanyuk et al. [27] have shown considerably roughness
increase of GaP/Si(0 0 1) layers by 2.5 keV Arjsoo ions. Conard et al.
[28] observed severe roughness increase in Al-delta layers embedded in
a Si-matrix in the case of 10 keV Arjgy3 sputtering. It is known that in the
case of cluster sputtering high temperature and pressure transients are
generated in the vicinity of impact [25,29]. In the case of cluster sput-
tering of the Si/SiO: system, these effects may contribute to the rough-
ness increase.

Table 2
RMS values are reported as mean + 95% confidence interval calculated from
three AFM measurements acquired at different locations on each sample.

Si pristine Mono 6 keV 8 keV 8 keV 8 keV

1000 1000 500 150
RMS 0.070 + 0.1+ 0.4 + 0.4 + 0.5+ 0.4 £
(nm)  0.037 0.019 0.028 0.058 0.032 0.076

3.2. XPS depth profiles

It is well known that the evaluation of the concentrations from the
measured depth profiles in case of inhomogeneous concentration dis-
tribution is model dependent [26]. Thus, it is advisable to ignore system
provided concentration calculation and instead to show the depth pro-
files based on the peak areas. The Si 2p and O 1 s lines were measured for
depth profiling. The Si2p line was decomposed to Si° Sit, Si%t, si®*
components. Depth profiles were made from the Si, pure Si, component
and non-stoichiometric oxide components. In this work, "non--
stoichiometric silicon oxide" refers to Si suboxide (this term will be used
later) contribution identified in the Si 2p spectra, defined as the sum of
the intermediate Si oxidation states Si'*, Si*>* and Si**. These components
represent SiOx species with compositions between elemental Si and
stoichiometric SiOz. For comparison of the various depth profiles, one
should normalize them. Luckily all depth profiles have reached the pure
Si and thus this region could be used for normalization of the measured
depth profile. The Si® values measured in this region were normalized to
that measured by monatomic bombardment and were called 100%. The
normalization of horizontal axis (time or removed layer thickness) is a
bit more difficult. First, we deal with the conversion of the sputter time
to removed layer thickness. Degreve et al. [30] have shown that in case
of low energy Ar" ion bombardment the sputter rate difference between
SiO9 and Si is only 4%, which can be neglected. Fig. 4a shows that the as
measured profiles of the $i° using monatomic Ar" and 8/150 Ar cluster
bombardments are rather similar, thus we think that in this case the
difference of sputter rates is also low. Based on this observation even in
the case of cluster bombardment we will neglect the sputter rate dif-
ferences between the Si and SiO». Since the thickness of SiO; is known
from the ellipsometry measurement, the conversion of sputter time to
removed layer thickness is straightforward. Since the broadening either
because of the ion mixing or the roughening is rather similar thus, we
assume that at the interface the peak area reaches 50% [31]. The
normalized experimentally determined depth profiles curves are shown
in Fig. 4.



A.S. Racz et al.

Applied Surface Science Advances 34 (2026) 101033

(a) Elemental Si
1004
® 80+
€
=]
S 60
8
(o]
O 404
©
aE
3
Q 20-
0 4
0 5 10 15 20
removed layer thickness (nm)
(c) Siin SiO,
100+ —=— mono
—e— 6 keV 1000
w 4+— 8 keV 1000
ic —v— 8keV 500
. —+— 8 keV 150
g e =0 X0V, JIU |
s
(0]
o
©
o
[0
(9]
o
-«
0 5 10 15 20
removed layer thickness (nm)

(b) Oxygen

—=®— mono

5140 —e— 6 keV 1000
E 120 —— 8 keV 1000
5 —v— 8keV 500
£ 100 —+— 8 keV 150
© 80

o

& 60

®

o 40

Q

0 5 10 15 20
removed layer thickness (nm)

(d) Si in suboxide
—&— mono
304 —e— 6 keV 1000
+— 8 keV 1000
7 —v— 8keV 500
z —+— 8 keV 150
2 20
&=
8
(0]
9@
@ 10
£
@
(]
Q.
0
0 5 10 15 20

removed layer thickness (nm)
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projectiles produced the depth profiles. The Si in suboxide curves were shifted to have their maximum around 15 nm.

4. Discussions

The as measured XPS profiles (Fig. 4) show that the concentration
distributions are inhomogeneous within the information depth of the XP
electrons (5-12 nm), thus detailed evaluation of the depth profiles is
necessary. Various approaches to cope with the problem are available
[22]. In the following, different solutions, selected based on the type of
ion bombardment induced alterations will be proposed.

4.1. Si in suboxide (see Fig. 4d)

According to Fig. 4d Si suboxide appeared in all depth profiles. It is
known [32] that the Si/SiO: transition region might contain interme-
diate oxidation states (Si'*-Si**), reflecting the gradual bonding transi-
tion between elemental Si and stoichiometric SiO2. In addition, no
carbon signal was detected at the interface, indicating that the observed
Si suboxide species are not arising from carbon-containing interfacial
contamination. In our case the amount and distribution of Si suboxide
strongly depends on the applied bombardment, thus it cannot be an
intrinsic feature of the interface. Thus, we conclude that the appearance
of the Si suboxide is an artefact of the ion bombardment. Its production
can be described in case of the monatomic bombardment (see 4.2) which
shows that the Si suboxide formation occurs 1-3 nm distance under the
instantaneous surface. In this situation the large inelastic mean free path
(IMFP) of the photoelectron does not play any role; only a slight
broadening occurs. Thus, the as measured profiles can be discussed
without additional corrections. The lowest and similar Si suboxides are
introduced by the monatomic and 6,/1000 cluster bombardments, while
in case of the other cluster bombardments a significantly greater amount
of artefact production occurs. In case of monatomic bombardment there

is plenty of energy to break chemical bonds, thus artefact production is
not surprising [33,34].0n the other hand, in case of cluster bombard-
ment we do not expect bond breakage; this method was specifically
introduced to avoid this problem. It seems, however, that in the interface
region strong Si suboxide production occurs during cluster bombard-
ment as well, and the damage increases with increasing energy/particle.
Though we cannot give a complete explanation of the process we
mention that molecular dynamics simulations have suggested that GCIB
sputtering cannot always be described as a simple sequence of inde-
pendent binary collisions. Instead, the collective impact of the cluster
may generate localized high-pressure and high-temperature regions,
leading to enhanced surface modification, suboxide formation and
roughness development [35-37]. A more complex description of the
process might be found if one also considers the individual suboxide (Si;"
Si2*, §i®") depth profiles which are given in Supporting Information
Fig. S1.

4.2. Evaluation of Si° profile in case of monatomic bombardment (see
Fig. 4a)

The AFM image, Fig. 3b, shows that in case of monatomic 0.5 keV/
45° ion bombardment the roughening is extremely low, it is in the range
of 0.1 nm. Thus, the bombardment induced alteration is due to ion beam
induced mixing. We will use the same procedure which is described in
Ref [34]. Its essence is the following; first the ion mixing caused by the
bombarding ion is calculated based on the TRIDYN simulation [30],
then having the concentration distributions the XP signal is calculated
based on the IMFP values neglecting the elastic scattering. The IMFP
values applied in the present case are summarized in Table 3 [38,39].

The TRIDYN simulation was applied in several cases with good
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Table 3

The applied IMFP values in nm.
Matrix Si 2p O1s
Si 3.10 2.3
SiOy 3.75 2.8

success [34,40,41]. In this case the simulation was applied with the
default parameters except the relocation threshold energy of Si and
surface binding energy of O, which were chosen to be 3.7 eV and 0.5 eV,
respectively. Fig. 5 shows the comparison of the measured and simu-
lated curves.

The reasonably good agreement between the measured and simu-
lated curves approves the validity of our assumption that the broadening
shown in the XPS depth profiles is explained by the ion bombardment
induced ion mixing. It should be also noted that interface broadening
visible on the XPS depth profile is considerable larger than the actual
alteration due to the ion beam mixing, which is enhanced due to the high
information depth of the photoelectrons. To demonstrate this Fig. 6
shows the TRIDYN simulated elemental Si distributions, which is the
actual damage introduced by the ion bombardment, in the SiO, (14.7
nm) / Si substrate sample after various times of ion bombardment (0.5
keV Ar' / 45°).

Fig. 6 clearly shows that the size of the ion mixing effected zone is
much lower than the broadening shown in the XP depth profile; really
the interface structure, does not even affected by the ion bombardment,
while the removed layer thickness is <9 nm.

4.3. Evaluation of the cluster depth profiles (see corresponding curves in
Fig. 4a, b and c)

According to the AFM results, the roughening is considerably larger
in the case of cluster bombardments than in case of monatomic
bombardment. Based on this observation it might be assumed that in
case of cluster bombardment the observed interface broadening is due to
the surface roughening, which might be estimated by Gaussian broad-
ening [42]. On the other hand, we have shown already (4.1) that the
cluster bombardment also causes bond breaking, which is not easily
involved in the simple topographical roughening. Thus, not knowing the
actual mechanisms we cannot make an evaluation like that in 4.2.,
rather, simple naked eye observations must be accepted. The shape,
“broadening”, of the depth profile mainly depends on the IMFP of the
photoelectrons and damage introduced by the applied ion

photoelectron intensity (arb. units)

removed layer thickness (nm)

Fig. 5. The measured (markers) and simulated (lines) XP depth profiles of SiO,
(14.7 nm) / Si substrate. Ion bombardment conditions: 0.5 keV monatomic Ar
ion, angle of incidence 45° with respect to the surface normal.
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bombardment. Since the IMFP is constant and only the introduced
damage varies with the type of bombardment, the comparison of the
shapes of the depth profiles give qualitative information on the damage
introduced by the various bombardments.

Considering the Si® depth profiles belonging to various cluster
bombardments (Fig. 4a) we can easily conclude that damage introduced
by cluster bombardment scales with the energy/particle. The depth
profiles belonging to the 8keV/150 cluster bombardment and
monatomic bombardment are very much similar. This means that the
overall damage of the two processes is similar. Presently we cannot
explain this behavior because our understanding is that the mechanism
of the two processes is strongly different.

The oxygen profiles (Fig. 4b) up to 10 nm removed layer thickness
are similar, according to the expectation that the cluster bombardment
will preserve chemical bonds, and cause only modest preferential
sputtering etc. On the other hand, at the interface region the curves are
separated and similarly to the previous scales with the particle/energy
parameter. The reduction of oxygen (preferential sputtering) is the
highest in the case of monatomic bombardment.

The Si in SiO5 profiles (Fig. 4c) belonging to cluster bombardment
scales with the energy/particles; the lowest damage was introduced by
the 6keV/1000 cluster. The preferential sputtering in the case of
monatomic bombardment is the strongest, accordingly the trans-
formation of Si** to Si® is the highest, resulting in the lowest Si in SiOy
signal.

Summarizing:

a. Artifact (Si suboxide) production (we have reported on similar
problems [34]). This problem seems to be the most unwanted from
the point of view of depth profiling. In this respect the best solution is
the use of monatomic Ar ion and 6 keV Ar{ygo bombardments, all
others are less favorable.

b. Production of elemental Si. In this case the most problematic bom-
bardments are the monatomic Ar ion and 8 keV Ar{s, bombardments
and the best is the 6 keV Arjggp bombardment.

c. O distributions; reduction. All bombardments are similar, but the
highest O reduction is caused by the monatomic Ar ion
bombardment.

In addition to the above, one should also consider that the length of
these depth profiling experiments is vastly different (300 s for monoa-
tomic argon and between 1200-3600 s for cluster bombardment), which
can be also an important parameter from practical point of view.

Based on the above, if one is interested in determining the possible
presence of some suboxide layer on the interface, monatomic sputtering
is to be used because it is much faster than that of 6 keV Ariggo. If we are
interested in the possible degradation in the SiO5 layer, then the 8 keV
Ar{ooo cluster bombardment is to be used because though it is slightly
more prone to defect production than that of 6 keV Arijygo but its sput-
tering rate is far higher. Thus, we conclude that the formally best 6 keV
Arfogo cluster ion bombardment can be replaced without sacrificing
information content.

All these conclusions, however, are based on the specific sample we
discuss. One might ask what the situation would be if we used the gentle
bombarding conditions described in this work, but the thickness of the
SiOs layer is thicker or narrower than the present one. According to the
presented study, the alteration can be described considering the pro-
cesses of ion beam mixing and surface roughening. Ion beam mixing
does not change with the thickness of the SiO layer, thus it will not
cause additional issues. On the other hand, if we consider the surface
roughening the situation is much more confusing, even if we only deal
with monatomic ion bombardment. The seminal paper of Bradley and
Harper (BH) [43], which has been verified countless times, proposes an
increasing roughness with increasing removed layer thickness. On the
other hand having a perfect quality Si single crystal the surface rough-
ness terminates at a low value [44]. In the case of cluster bombardment,
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Fig. 6. The TRIDYN simulated Si distributions produced during depth profiling of SiO, (14.7 nm) / Si substrate sample (0.5 keV monatomic Ar'ion, angle of

incidence 45°) after removing various thicknesses.

we do not have such a rich data set on roughening vs removed layer
thickness behavior. If we suppose that the roughening of the SiO5 sur-
face during cluster bombardment follows the BH theory, then cluster
bombardment cannot be used for a thicker layer, but in case of a nar-
rower layer it might be a good solution. Thus, while the evolution of
roughness with bombardment time requires further investigation, the
present results provide a consistent basis for comparing
sputtering-induced modifications.

5. Conclusion

We have compared the XPS depth profiles of SiO,/Si sample pro-
duced by various projectiles, namely monatomic 0.5 keV Ar" ion, and
clusters of 6 keV Arjopo, 8 keV Arigoo, 500, 150- It was shown that in all
cases the large broadening of the as measured transition is due to the
large IMFP of the photoelectrons. In case of monatomic bombardment,
the observed damage can be explained by ion mixing which can be
described by TRIDYN simulation. In case of cluster bombardment the
roughening might explain the alteration in the pure matrix, but also
some new mechanism is active in the interface region. In details all
applied ion bombardments produced Si suboxide (non-stoichiometric
silicon oxide) formation in the interface region. The most dominant and
lowest artefact production were found in the case of 8 keV Ar{sq cluster;
6 keV Arjooo cluster and monatomic 0.5 keV Ar ion bombardment,
respectively. All applied ion bombardments caused reduction in the SiOy
layer; the highest reduction was produced by the monatomic 0.5 keV Ar
ion bombardment. Because of the large variety of damages, the choice of
the best possible ion bombardment conditions must depend on the
desired information.
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