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ABSTRACT

This fundamental contribution on secondary ion mass spectrometry (SIMS) polymer depth-
profiling by large argon clusters investigates the dependence of the sputter yield volume (Y)
on the thickness (d) of ultrathin films as a function of the substrate nature, i.e. hard vs soft.
For this purpose, thin films of polystyrene (PS) oligomers (~4,000 amu) are spin-coated,
respectively, onto silicon and poly (methyl methacrylate) supports and, then, bombarded by
10 keV Arzo” ions. The investigated thickness ranges from 15 to 230 nm. Additionally, the
influence of the polymer molecular weight on Y(d) for PS thin films on Si is explored. The
sputtering efficiency is found to be strongly dependent on the overlayer thickness, only in the
case of the silicon substrate. A simple phenomenological model is proposed for the
description of the thickness influence on the sputtering yield. Molecular dynamics (MD)
simulations conducted on amorphous films of polyethylene-like oligomers of increasing
thickness (from 2 to 20 nm), under comparable cluster bombardment conditions, predict a
significant increase of the sputtering yield for ultrathin layers on hard substrates, induced by

energy confinement in the polymer, and support our phenomenological model.

Keywords: ToF-SIMS; polymer depth-profiling; polystyrene (PS); poly (methyl

methacrylate) (PMMA); substrate effect; polymer molecular weight



1. Introduction

For a long time, SIMS was limited to the surface analysis of polymers, due to the loss of
distinctive structure-related information during the erosion of the sample with monoatomic
projectiles [1]. In the late 1990s, the advent of cluster-SIMS [2] paved the way for the
molecular depth-profiling of polymer materials, and more generally of organics, thanks to the
utilization of cluster ions like SFs™ and Ce" for sputtering. However, it was not until the
development of massive Ar cluster ion beams (i.e. 5-10 keV Arsoos000°) as sputter sources [3]
that molecular depth-profiling of polymers could be performed universally, including even
aromatic polymers (e.g. polystyrene) [4,5,6], where the more traditional fullerene ion beams
failed (unless combined to nitric oxide dosing, sample cooling or sample rotation) [7,8,9,10].
In order to explain the greater success of massive Ar cluster ion sputtering of organic/polymer
surfaces in cluster-SIMS, an extensive body of theoretical studies using MD simulations was
conducted [11,12,13]. Simulations pointed out the minimal molecular degradation and
fragmentation induced by the massive cluster impact (closer to the concept of desorption),
compared to that of smaller polyatomic projectiles (like Cgo) [14]. The main results of the
theoretical studies are discussed in review articles [11,13,15].

Several theoretical and experimental studies were devoted specifically to the
investigation of the effects of the Ar cluster energy and nuclearity on the energy deposition
and fragmentation of organic solids. In 2013, two empirical equations were developed,
independently by Seah [16] and Cumpson et al. [17], to estimate sputter yields by fitting their
few parameters to the existing experimental data. Seah’s universal equation was applied
successfully to data sets concerning inorganics and some polymer materials (polystyrene (PS),
poly (methyl methacrylate) (PMMA), and polycarbonate (PC)), with high molecular weight
and polydisperse [16]. However, a study conducted in our laboratory in 2014 pointed out the

influence of the polymerization degree on the sputtering efficiency of two model polymers,



namely PS and PMMA, that should be taken into account when comparing sputter yields [18].
In particular, experiments show that, at a given energy per atom, the sputter yield quickly
decreases with increasing molecular weight (M,,) and becomes constant above ~60,000 amu.
In 2015, Seah evaluated the effect of the molecular weight or the end-group density on the fit
parameters of the “universal” sputtering equation [19]. The sputtering yields and their
dependence on the molecular weight have also been predicted by molecular dynamics
simulations [20]. An accurate estimation of the sputter yield of polymer materials is extremely
important for the quantification and prediction of their depth-profiles and, to our best
knowledge, the polymer-substrate interfacial effects on the sputtering efficiency upon massive
Ar cluster bombardment have not been experimentally investigated yet. In the literature, only
a few works can be found on computational investigations of the energy deposition pathways
and the efficiency of ejection in organic solids as a function of the overlayer thickness
[21,22].

In this fundamental contribution, the two previous model polymers - PS and PMMA -
were chosen [18], since they exemplify two opposite degradation mechanisms occuring under
ionic bombardment. Indeed, polystyrene undergoes mainly cross-linking reactions upon
irradiation (type 1 polymer), that slow down the erosion process [23]. On the contrary,
polyacrylate prevalently undergoes chain scission reactions (type Il polymer), which enhance
the sputtering efficiency [23]. Additionally, these two polymers interact differently with the
silicon substrate used for the deposition in ultrathin films. In the conception of the model
systems of this investigation, the aforementioned influence of the molecular weight [18] was
taken into account. Thin layers of low molecular weight PS and PMMA of different
thicknesses, spin-coated onto two different substrates (silicon and polymer), were bombarded
by a 10 keV Arso’ ion beam in order to measure the thickness dependence of the sputter

yield. In the remaining of the article, silicon will be defined as a “hard” material and the



polymers, as “soft” materials. Indeed, polymers plastically deform much more easily under an
applied stress than silicon, and our simulations will show that the energy spent in plastic
deformation is key to explain the different behaviours of these materials. The differences in
hardness of the materials are due in part to their stiffness, which is directly related to their
Young’s moduli, which are reported in Table S1. The sputtering efficiency is found to be
strongly dependent on the polymer overlayer thickness only for the hard substrate (silicon
covered by native oxide). Then, a phenomenological model is elaborated to interpret the
thickness dependence of the sputtering efficiency, and corroborated by MD simulations

conducted with analogous samples and bombardment conditions.

2. Experimental methods
2.1. Materials and sample structure

Polystyrene and poly (methyl methacrylate) standards for gel permeation
chromatography (GPC) with relatively low molecular weight (M,) of ~4,000 amu, and high
molecular weight of ~60,000 for PS and 150,000 amu for PMMA, were purchased from
Sigma-Aldrich Inc. and Scientific Polymer Products, Inc. An overview of the polymer

materials employed for the sample preparation is reported in Table 1.

Table 1. Description of the employed polymers.

Polymer M, (@amu)? M,/M,° Source P?grrr?:r
Polystyrene 4,330 1.04 _ _S_igma—AIdrich Inc. PS 4k
61,800 1.07 | Scientific Polymer Products, Inc. PS 60k
Poly (methyl 4,200 1.06 Sigma-Aldrich Inc. PMMA 4k
methacrylate) 150,000 n.d.c Sigma-Aldrich Inc. PMMA 150k

# Molecular weight determined by GPC; ® M,./M,, polydispersity; ¢ n.d., not determined.

Polymer ultrathin films were deposited onto 1 x 1 cm? silicon substrates covered by a
native oxide layer, previously cleaned by sonication in isopropanol (VWR Chemicals, 99.9%

purity) and dried under nitrogen flux. PS 4k, PS 60k and PMMA 4k solutions were prepared
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in toluene (Sigma-Aldrich, purity >99.71%) with a concentration ranging from 7 to 72 g/L for
PS and PMMA with low My, and from 6 to 54 g/L for PS 60k. This low pressure vapor
solvent is known for providing very smooth surface morphologies upon spin-coating of the
selected polymers [24,25,26], an important requirement for the measurement of the sputter
efficiency of ultrathin films. The solutions were then filtered using 0.2-um Teflon filters to
remove any non-dissolved particle and dust before their deposition on the Si-supports. The
solutions were spin-coated onto the silicon wafers at 5,000 rpm with an acceleration of 20,000
rpm/s for 60 s, in order to obtain polymer single-layers with thickness comprised between ~15
nm and ~230 nm. The quality of the PS 4k film series in terms of morphology and roughness
as a function of the thickness was verified by atomic force microscopy (AFM) measurements.
Very smooth morphologies are observed in the all thickness range (Figure S1). For instance, 3
x 3 um® AFM images of the PS single-layers show typical average surface roughness (Ra)
values around 0.3 nm (close to the roughness of the silicon wafer, R, ~0.2 nm) [27],
independently from the given film thickness.

The polymer films on Si represent three model systems of polymer single-layers of type
I, PS 4k and PS 60k, and type I, PMMA 4k [23]. In the particular case of PS, the additional
influence of My, (i.e. 4,000 versus 60,000 amu) on the thickness dependence of the sputtering
efficiency is investigated. Silicon is a hard, relatively hydrophilic substrate, since no treatment
was done to remove the outermost native SiOx layer of the semiconductor. In order to study
the effect of the substrate nature on Y(d), i.e. hard vs soft, a fourth model system was
conceived. In order to obtain a soft substrate, a relatively thick polymer layer was spin-coated
onto Si, ensuring a very smooth interface, which is not the case with commercial polymer
sheets. Some known constraints exist in the preparation of model polymer bilayers by spin-
coating, which are listed here: 1) the bottom layer should have minimal solubility in the

solvent used to deposit the top layer, 2) high quality of both top film surface and



polymer/polymer interface is required, and last but not least, 3) in the present study, a wide
thickness range of the top layer is demanded. The work conducted by Ennis et al. provides an
ideal system for this investigation: direct spin-coating of PS thin films onto PMMA [26].
Indeed, it results in very smooth surfaces, with roughness of the uppermost PS. layer
comparable to that obtained with the correspondent single-layers spin-coated from toluene,
and sharp interfaces [26]. The roughness of the PMMA layer remains verydow (<1 nm) also
after the deposition of the upper layer [26]. The established protocol permits to play in
windows of PS thickness of ~5-500 nm and M,, of ~4,000-190,000 amu, but it also requires
PMMA with M,, > 3,000 amu. Thus, it was decided to spin-coat the same PS 4k of the single-
layers onto PMMA 150k (high M,, to avoid its dissolution in the selective solvent of the PS).
A solution of PMMA 150k was prepared in toluene, filtered and spin-coated onto several
clean Si wafers at room temperature. The samples were left to dry for 24 hours. Then, filtered
solutions of increasing concentrations of PS 4k in 1-chloropentane (Aldrich Chemistry, 99%
purity) were deposited onto the PMMA 150k layers. None of the polymers was annealed after
deposition. In the first column of Table 2, the four model systems used in this investigation
are schematized, where the polymer names in italic indicate the outermost layers whose

thickness wasvaried.



Table 2. Description of the investigated model systems, sample names and related thickness
values.

Model system Sample Polymer film thickness?
A) PS4k /Si Al 17.5+0.0nm
A2 36.4+0.4nm
A3 60.9£0.3nm
Si A4 87.8+0.1nm
A5 194.0 £ 0.2 nm
B) PMMA 4Kk / Si Bl 15.7+£0.3nm
B2 279+ 1.1nm
B3 37.6+0.1nm
H B4 56.3+0.2nm
- B5 89.7+0.1nm
B6 199.3+2.4nm
C) PS 60k /Si C1 16.1+0.4nm
Cc2 34.4+0.1nm
C3 72.8+0.5nm
Si C4 130.9+ 0.3 nm
C5 230.2 £ 0.8 nm
Z) PS 4k /PMMA 150k / Si e PS4k layer:"
Z1 27.5+0.4nm
Z2 67.3+£4.0nm
Z3 92.1+1.8nm
[ psak | 74 128.0 + 5.1 nm
AT 75 156.0+ 1.6 nm
Si Z6 235.0 + 1.3 nm
e PMMA 150Kk layer:”
Z0 143.3 + 1.2 nm (constant)

2 Determined by spectroscopic ellipsometry
® Determined by single-wavelength ellipsometry

2.2. Ellipsometry

A spectroscopic ellipsometer (SE) Uvisel from Horiba-Jobin-Yvon was used to measure the
thickness of the PS and PMMA single-layers (systems A-B-C in Table 2), in the wavelength
range -300-800 nm with intervals of 10 nm at an incidence angle of 70°. The measurements
were carried out at least three times at different points of the sample to obtain an average
thickness. The data acquisition and consecutive modeling were performed with the DeltaPsi2
software. The systems A-B-C were modelled by a 3-layers structure with a silicon substrate
covered by a dielectric layer, with the optical constants of SiO, and fixed thickness of 1.70
nm, and on top the PMMA or PS layer. The dispersion formula used for the polymer layer is
called “New Amorphous”, and it is derived from Forouhi-Bloomer formulation [28,29]. The

“New Amorphous” model works particularly well for amorphous polymers like PS and



PMMA and, more generally, for amorphous materials exhibiting an absorption in the visible
and/or far ultraviolet (100-200 nm) range. The difference between the given model and the
experimental data, indicated by the mean square error value (MSE), were in most of the cases
below 1, showing an acceptable quality of the fitting. The results of the SE regression analysis
of the polymer layers were also compared with those obtained from other models,i.e. Cauchy
[30,31] and Classical (Lorentz). The comparison leads to no significant wvariations of the
thickness values when changing the dispersion formula. A further verification of the quality
of the data modelling consisted in the comparison of the post-calculated refractive index
values at constant wavelength with those reported in the literature [32,33,34,35]. Additionally,
the ellipsometry measurements were compared to the thickness estimations from AFM images
of scratches [36] performed on the PS 4k single-layers, as shown in supporting information
(Figure S2). For example, the measured step for sample Al is 17.5 nm, in good agreement
with the SE value of 17.5 + 0.0 nm, while for sample A5 it is 198 nm (vs 194.0 £ 0.2 nm in
SE).

In the case of the polymer bilayer (system Z), because of the very similar optical
properties of PS 4k and PMMA 150k, the thickness was determined more accurately by a
Digisel rotating compensator ellipsometer from Jobin-Yvon/Sofie Instruments (single-
wavelength ellipsometer working at 632.8 nm), imposing the refractive index of the two
materials. Firstly, the PMMA 150k single-layer of the Z-system series (sample Z0) was
measured. Then, its thickness was assumed to remain unvaried after spin-coating of the upper
PS layer, so that the topmost polymer layer was characterized. This procedure is validated by
prior studies demonstrating that there is no significant reduction in the PMMA thickness or
roughening after the deposition of the PS solution in 1-chloropentane [26]. Moreover, in order
to validate this data treatment in ellipsometry, including the selection of refractive indices for

PMMA and PS, sample Z2 was additionally analyzed by X-ray reflectivity (XRR). The total



thickness found by fitting was 210.0 nm, very close to the ellipsometry value of 143.3 nm +

67.3 nm = 210.6 nm. The results of the thickness measurements are summarized in Table 2.

2.3. ToF-SIMS molecular depth-profiling

The molecular depth-profiling experiments were performed using an:  ION-TOF
TOF.SIMS 5 (Minster, Germany) instrument equipped with both Bi-LMIG (liquid metal ion
gun) and Ar-GCIB (gas cluster ion beam) primary ion sources mounted at 45° to the surface
normal. The secondary ions were collected by a reflectron-type time-of-flight analyzer
perpendicular to the sample surface. The molecular depth-profiles, acquired in positive ion
polarity, were obtained in non-interlaced dual ion beam mode. A 10 keV Arspo” cluster ion
beam (0.3 nA, 0.1 nA and 0.05 nA) was employed to sputter a 600 x 600 pm? area. All the
argon cluster size distributions used to profile the different model systems showed a full width
at half maximum (FWHM) below 2,000 atoms. The average energy per constituent atom was
~3.5 eV. A pulsed beam of 30 keV Bis" ions (0.06 pA) was used to collect the mass spectra
from a 200 x 200 pm? area, concentric to the sputtered surface. A 20 eV electron flood gun
was employed for charge compensation.

The model systems reported in Table 2 were analyzed with three different sputter
currents of 0.3, 0.1 and 0.05 nA, depending on the thickness of the polymer (single- or
bilayer) film deposited on the Si substrate. Especially for the thinnest films, the sputter current
had to be lowered in order to record a reasonable number of scans along the polymer depth, so
that an accurate determination of the polymer/Si interface was made possible. For the PS 4k/
PMMA 150k bilayer, all the SIMS measurements were acquired at the higher current, that is
0.3 nA. Indeed, in these erosion conditions it was feasible to profile in reasonable times thick
layer systems as the one under investigation where, in addition, one of the polymer layer

possess high M, and relatively low sputter rate. Since the overall SIMS measurements
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showed high reproducibility, generally only two profiles per sputter current were acquired.
The detailed sputter conditions employed in this study can be found in supporting information
(Table S2). No significant effect of the Ar cluster current is observed on the sputter yield
volume. This concept is clear in the depth-profiles of the thinnest PS film (Al), acquired in
the three different erosion conditions (Figure S3). The respective ratios of analysis dose (30
keV Bis* beam) to sputtering dose (10 keV Arseo” source) were calculated for these profiles.
According to the literature, the ratio between the analysis and sputter doses excludes a
significant contribution of the Bis* beam in the sputter yield Y [37]. Thus, along this work, all
the Y values obtained for a given system and related to different sputter currents will be
merged.

For single-layers on Si (samples A-C), the sputter yield volume Y (nm*/primary ion or
nm®/P1) was calculated as in reference [18]: First, the dose (ions/nm?) needed to reach the
polymer/Si interface was determined (50% of the maximum intensity of the substrate signal —
Si*, m/z = 28), as it can be observed in the depth-profiles displayed in Figure S3. Then, the
measured thickness (nm) of the polymer single-layer was divided by this dose. The
polymer/silicon interface position was determined by the SiOH™ ion signal (50% of its
maximum intensity) as well. This signal relates to the presence of the native oxide layer on
top the silicon substrate. Figure S4 shows the comparison between the two methods for the
determination of the polymer/Si interface of PS 4k and PMMA 4k single-layers. In the case of
the PS/PMMA bilayer on Si (sample Z), an analogous procedure was used for the
polymer/polymer interface determination, taking into account characteristic ions of the “soft
substrate” (PMMA 150k) that derive solely from the fragmentation of the polyacrylate, like

for instance the ion C,Hs0," at m/z 59.
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3. Results

The depth-profiling experiments conducted on all the model systems with thickness of
several tens of nm show a high stability of the polymer structure-related fragments (such as
C2H30,", C3H,0", C4Hs0", CsHyO," (protonated repeat unit), CeH110," in the case of the
PMMA, and C¢Hs*, C;H;", CgHo" (protonated repeat unit), CoH;", C1sHo", CisHas™ in the case
of the PS) down to the Si interface. This observation indicates the retention of the molecular
information in the depth-profiling of type I and Il polymers, a characteristic feature of large
Ar cluster ion sputtering, as already reported in the SIMS literature [4]. Furthermore, even the
thinnest polymer films cover the Si supports uniformly, as demonstrated by the absence of the

substrate signals at the surface of the specimens in the depth-profiles (cf. Figure S3) [38].

3.1. Effect of the layer thickness on the sputter yield

Figure 1 shows the variation of the sputter yield volume Y for the model system “PS 4k /
Si”, where the thickness of the polystyrene layer is varied from ~17 nm to 194 nm (see the
black symbols related to the left y-scale). The graph of Figure 1 reports the thickness d on the
left y-axis and Y on the right y-axis, both as a common function of the sputter dose at the
polymer/substrate interface (D in x-scale). A linear fit of d(D) has been performed imposing a
zero intercept and passing by the last point representing a bulk-like PS layer. An adjusted R-
square value of 0.9983 was found, indicating the quality of the linear regression. The equation
d = bxD, reported in the graph of Figure 1, represents the ideal situation of linearity, where
the correlation coefficient b = 67.2 nm*/PI constitutes the sputter yield volume of the bulk
material (Ypui). The related linear fits of all the investigated systems are shown in Figure S5.
However, the experimental d(D) data deviates from linearity below ~90 nm, which explains

the asymptotic trend of Y (D) described by the following analytical function y = a - bxc* (in
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the present case: Y = 65.4 + 36.6x0.115"). The data could also be reasonably fit with a linear
function assuming an offset at the origin, but this is not physically meaningful since the

sputtered thickness must tend to zero for a dose of 0 ions/nm?®.

System: PS 4k / Si
225 - 110
200_ 194 nm -100
i d=67.2xD L 90
175 4 .
Y - 80
150 IREE S R
— ;"“§~-—7-77___’.,~;' ____________ A 70 =<
g 125 4 - Y=654+366x01150 [60 T
~ 50 3
= 1004 p— o
e 40 9
75+ lnm =~
A - 30
50 1 sarm
P - 20
25 om - L 10
0 d T T T T T d T T T T T 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

10 keV Arsopo* dose at interface, D (Pl/nm?)

Figure 1. Thickness (d) and sputter yield volume (Y) of the PS 4k single-layers as a function
of the sputter dose needed to reach the polymer/silicon interface. The data points indicated by
open triangles, open squares and solid triangles (black for d and blue for Y) refer to the
different 10 keV Arsoeo” ion currents of 0.3 nA, 0.1 nA and 0.05 nA, respectively. The fitted

curves of d and Y as a function of D (dose) are also reported.

D represents the “sputter dose” variable and the asymptote a = 65.4 nm*/P| corresponds to the
Y value of the bulk material (very close to that obtained by linear regression). In qualitative
terms, Y decreases with increasing d till reaching a plateau around 90 nm. The sputter yield
volumes (for 0.3 nA) vary from 88 nm*/Pl at 17 nm to 67 nm*/PI at 194 nm (value close to the
“bulk” material), that corresponds to an overall AY(d) variation of ~23%. This points out a
dependence of Y on the thickness in the nanoscale range (from a few nm to tens of nm).
However, the quantification of AY(d) depends significantly on the specific technique

employed for the determination of d. This justifies the choice of reporting Y (as well as d) as a
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function of the dose. The plot of Y as a function of d for the “PS 4k / Si” thin films, as well as
for the other model systems, can be found in Figure S6.

Figure 2 shows the case of the model system “PMMA 4k / Si”, where the thickness of the
polymer layer is varied from 16 nm to 199 nm. As was the case for PS 4k, the loss of linearity
between d and D indicates an effect of the thickness on Y, that is noticeable below ~90 nm.
The evolution of the sputter yield volume is once again asymptotic, going from 103 nm*/PI at
16 nm to 80 nm®/PI at 199 nm (see the blue open triangles), which corresponds to a variation
of ~22% based on spectroscopic ellipsometry estimation. The trend of Y as a function of the
sputter dose follows the equation: Y = 79.9 + 41.6x0.0349°, where the Yuuik value is 79.9
nm®/P1. Our results show that Y of PMMA 4k single-layers is generally higher than Y of PS
4k of a factor ~1.2, in agreement with the literature [16] (see Figure 1 and 2). This is
explained by the different degradation behaviour of the two polymers upon ionic
bombardment [23], that favors the sputtering of the polyacrylate compared to that of the

polystyrene.

225
2004
175 1
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125 1

100

d {(hm)
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254

0

System: PMMA 4k | Si
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10 keV Arsgo0* dose at interface, D (Pl/nm?)

3.0

(1ds;wu) A

Figure 2. Thickness (d) and sputter yield volume (Y) of the PMMA 4k single-layers as a
function of the sputter dose needed to reach the polymer/silicon interface. The data points

indicated by open triangles and solid triangles (black for d and blue for Y) refer to the
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different 10 keV Arsgo” ion currents of 0.3 nA and 0.05 nA, respectively. The fitted curves of d

and Y as a function of D (dose) are also reported.

3.2. Effect of the substrate nature on the thickness dependence of Y
In Figure 3, the model system “PS 4k / PMMA 150k / Si” (Z) is considered, where the
143-nm thick PMMA 150k layer constitutes a soft substrate and only the thickness of the

topmost PS 4k layer is varied from 28 nm to 235 nm.

System: PS 4k / PMMA 150k / Si A
295 _ < 235nm [~ 110
d=692xD -
200 o - 100
90
175
N L - 80
| = A /ﬁ'\sﬁ nm
150 iy T A - 70 =<
_ _ E . o » ——
g 125 ,‘réB’nm 60 g
= 100- g - 50 =
: - 4 .
75 67 nmm. 0 —
4 - 30
50 4
28 nm-" -20
25+ & - 10
0 T T 0

0.0 0:5 1:0 1:5 2:0 2.5 370 3.5
10 keV Arsgoc* dose at interface, D (Pl/hm?)

Figure 3. Thickness (d) and sputter yield volume (Y) of the uppermost PS 4k films in the
bilayer model system (Z) as a function of the sputter dose needed to reach the
polymer/polymer interface. The data points (open triangles) refer to a sputter beam current of

0.3 nA.

The linear regression on the data set d(D) of the uppermost PS 4k layer in the bilayer system
points out a similar slope (within the experimental error) to that found for PS 4k single-layers
spin-coated directly on the Si substrates. In this specific case, however, the sputter yield
volume oscillates around an average value of ~73 nm®/PI (excluding the last point represented

by a single measure), without any peculiar trend considering measurement uncertainties.
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3.3. Effect of the polymer molecular weight on the thickness dependence of Y

The last case of study is represented by the polymer system “PS 60k / Si” depicted in
Figure 4. Here, the influence of the M,, of the polystyrene on the thickness dependence of Y is
investigated. Our previous study on the effect of the My, on the sputtering efficiency
highlighted that Y depends on M, only for low polymerization degrees, while Y(M,,) is

constant for M, above ~60,000 amu [18].

System: PS 60k ! Si
225 A
500 - d= 44.0><’D. - 100
g - 90
175 - - [ a0
— 1507 181 8m 70 =<
E 125 \ & - 60 'g
o 100 "TUFeeea 0 e N - 50 :éa
75 o Y = 43.2 + 10.6%0.4330 F4 =
. - 30
50 apn ’ ™
25 1o - 10
0 0

1 1 L] 1 1 1 I L] 1 1 T
00 05 10 15 20 25 30 35 40 45 650 55 6.0
10 keV Arsono* dose at interface, D (Pl/nm?)

Figure 4. Thickness (d) and sputter yield volume (Y) of the PS 60k single-layers as a function
of the sputter dose needed to reach the polymer/silicon interface. All the measurements were
performed with 10 keV Arsp” at 0.3 nA, with the exception of the 1% sample (0.1 nA). The

fitted curves of d and Y as a function of D (dose) are reported.

Accordingly, higher doses were required to erode layers of PS 60k than layers of PS 4k of
comparable thicknesses corresponding to lower sputter rates for the high M, polymer. Figure
4 shows that the variation of Y as a function of the dose, in the given d range 16-230 nm, is
around 14% for PS 60Kk. It is therefore notably reduced when compared to the PS 4k films, but
still present. The experimental data can be fitted by the equation Y = 43.2 + 10.6x0.433°. The
Y value in the bulk material is consequently estimated to be close to 43 nm®PI. This finding

16



is confirmed with an additional sample of 366 nm (not shown). However, the decay of Y
appears to be slower along the observed dose range, so that higher doses/thicknesses are

needed to reach the Yy, value.

In conclusion of this section, Figure 5 summarizes the fitted curves Y(d) of the two
investigated model polymers, PS and PMMA, deposited on the two different supports, i.e.
hard (Si) and soft (PMMA 150k). The influence of the M,, can be also derived from the
comparison between PS 4k and PS 60k. Hence, this last figure illustrates the behaviors of all
the proposed model systems, and will be used as a basis for the discussion of the underlying

physics.
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Figure 5. Fitted curves (analytical function: y = a - bxc”) of the sputter yield volume as a

function of the film thickness for the Si-supported PS 4k, PMMA 4k and PS 60k single-layers,

and the Y trend (dotted red line) of the topmost layer of the PS 4k / PMMA 150k bilayer.

4. Discussion
The two model polymers chosen to conduct this investigation differ in their degradation

behaviour under keV ion bombardment [23], as well as in the interfacial interactions that they
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establish with the untreated silicon supports. Indeed, the methyl methacrylate units are
attracted to the native silicon oxide, forming H-bonds with the substrate. Conversely, in the
case of PS, only weak Van der Waals interactions are created with the native Si oxide
substrate [26,39]. One could think that these enthalpic contributions can at least partly explain
the Y-enhancement observed for the thinnest polymer films in Figure 5. Apparently, this is
the case for the nanoconfinement effect of the glass transition temperature observed for the
two polymers, as extensively reported in the literature [40,41,42,43]. However, if the
interfacial interactions of the two investigated polymers were a relevant parameter in the
thickness dependence of Y, one should expect a different response of these two model
systems to the modification of the silicon surface. For instance, the polymer-substrate
interactions can be drastically changed for the PMIMA chains by switching a native silicon
oxide covered support to a H-terminated Si surface (by means of wet etching with HF
aqueous solution) [44]. In doing so, one induces a more pronounced reduction of the attractive
interactions between the methyl methacrylate units with the Si-H terminated surface,
compared to the polystyrene chains. This procedure was tested and our experiments
conducted on PMMA 4k and PS 4k single-layer spin-coated onto H-terminated silicon wafers
indicate that Y decreases with increasing d in the same extent for both polymer systems, as
was the case for SiO, surfaces (not shown). These results show that our depth-profiling
experiments are not primarily sensitive to the variations of the polymer-substrate interactions
and, very likely, small related differences in sputter efficiency lay within the experimental
error of the Y estimation. Thus, our experiments rather suggest a mechanistic nature of the Y
behaviour as a function of the film thickness, as already indicated by molecular dynamics
(MD) computer simulations on other types of organic systems and projectiles.

In this respect, MD simulations have been carried out by Rzeznik and co-workers (2008)

to gain microscopic insights into the sputtering of polystyrene tetramer (PS4) monolayers on
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Ag induced by large Ar cluster projectiles [21]. The ion bombardment of the organic
overlayer was performed with clusters composed of hundreds to 29,000 Ar atoms having
kinetic energy per atom in the range 0.1-40 eV/atom. These simulations have shown a distinct
physics of ejection by large and slow clusters compared to atomic projectiles and. small
clusters [45]. The organic molecules were ejected not in consequence of a direct interaction
with individual substrate atoms, which was the case for atomic and small cluster
bombardment, but by a collective motion of the recovering substrate [21] At the light of this
novel ejection physics with large Ar clusters, Rzeznik et al. have conducted simulations
(2009) to elucidate the sputtering of a denser, thicker and well organized system represented
by Langmuir-Blodgett (LB) multilayers of bariated molecules of arachidic acid [22]. In that
case, the sputtering yield with increasing overlayer thickness goes through a maximum, then
decreases, and finally becomes constant as the LB layer becomes thicker (bulk regime). This
behavior is explained by a competition between signal enhancement due to the increasing
number of molecules contained in the organic overlayer, and the signal decrease due to
lowering of the amount of the primary energy being back-reflected into the organic layer by
the organic/metal interface [22]. The sputtering yield is independent of the thickness when the
latter is much larger than the penetration depth of the projectile. Though the interaction of
large Ar clusters and fullerenes with organic materials upon impact show other important
differences, a similar behavior has been evidenced in cluster depth-profiling of cholesterol
films sputtered with 40 keV Cgo", in which the erosion rate increases as the organic-substrate
interface is approached [46]. In all the observed cases, even with atomic projectiles [47],
stiffer and more cohesive substrates tend to reflect more energy than softer ones, but the

detailed mechanisms are different.

4.1. Model for the thickness dependence of the sputter yield
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Based on the insights provided by the simulations [21,22], a phenomenological model is
here proposed to explain the thickness dependence of Y for polymer-based thin films.
The measured sputter yield Y is actually an averaging over the local sputtering yields Y; (z

is the distance from the interface) over the sputtered layer thickness d, expressed as follows:

Y.d(2)

(1)

In our model, we consider a simplified case where the polymer film (single-layer system)
is composed by two layers, so the name “2-layers model”. The first one is located at the
interface with the hard substrate (e.g. silicon) and undergoes the Y-enhancement effect due to
the Ar," sputtering. The second one sits on top, with a bulk value of the sputtering yield
(Ybui). Accordingly there will be a critical thickness (dinwerface) In the range of the first
nanometers of the overlayer, where Y, assumes the highest value (Yinterface), due to a maximal
contribution to the sputtering of the primary energy being back-reflected into the polymer
layer by the polymer/Si‘interface [48]. At distances from the substrate larger than dinterface, Yz
will have the value Ypuk. Under these assumptions, Equation (1) becomes:

dinterface d_dinterface
Y = 4 Yinterface + d Youik

)

where Yior, it and Ypuk are determined experimentally, whereas dinertace and the related
Yinterface are estimated by fitting. Figure 6.a depicts Equation (2) for the PS 4k single-layer, by
using the characteristic parameters of the given system (Y pui = 65.4 nm*/PI for d = 194 nm
shown in Figure 1). Based on the 2-layers model, dinterface @Nd Yinterface are 3 nm and 200
nm*/PI, respectively. This simple model using only two extreme values of Y describes the
observations qualitatively. A more refined description of the gradual transition of Y(d) from

Yinterface (200 nm*/P1) t0 Y puik (65.4 nm*/P1) should lead to a more accurate fit.
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Figure 6. a) 2-layers model applied to the experimental data set for the “PS 4K / Si” system
(solid line), and b) MD-simulations conducted on an amorphous film of polyethylene-like

oligomers of increasing thickness (from 2 to 20 nm) onto a hard substrate.

In order to validate our phenomenological model, MD simulations were also performed.
For this purpose, an amorphous molecular sample made of 1.4 kDa polyethylene-like
molecules was modelled using a coarse-grained representation of CH, and CHg residues, as
described elsewhere [20]. This model provided a quantitative description of Ar cluster
sputtering of organic materials. In these new simulations, the top layer of the organic sample,
with a total thickness d, was left free to move, mimicking the oligomer overlayer. In contrast,
the bottom layer of the sample was made “rigid” by constraining the atoms to their initial

positions. The thickness of the rigid layer was adjusted to obtain a free film thickness d
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ranging between 2 and 15 nm (the total thickness of the model sample). For these simulations,
a Langevin algorithm with a friction coefficient was applied to the atoms located at the four
lateral sides of the box (1.5-nm thickness region) in order to adsorb the pressure waves
traveling laterally, but not at the bottom of the free layer. This arrangement models an infinite
film of thickness d on an infinitely hard substrate. Another set of simulations was also
conducted using a damping zone at the bottom mimicking, in that case, a semi-infinite, bulk
sample. Two different impact points were calculated for each film thickness.

Figure 6.b shows the calculated sputtered mass of polymer as-a function of thickness d,
which should model the value Y, in Equation (1). As a reference point for the bulk value, the
results obtained for the sample with a bottom damping zone were arbitrarily placed at a film
thickness of 20 nm (larger than the thickness of the model system). The other data points
correspond to the first set of sample described above, with only a rigid bottom layer below a
free film of thickness d. The results show that the sputtered mass remains constant down to a
film thickness of 7 nm. Under that thickness, the sputtered mass increases very steeply, up to
a maximum value at 4 nm. Below 4 nm, down to the bare substrate, the sputtered mass
decreases. The maximum, due to the back-scattering of the projectile atoms (and energy) by
the substrate, corresponds to a sputtered mass that is ~4 times larger than the bulk value. For d
< 4 nm, the sputtered mass becomes limited by the reduced quantity of material present in the
ultrathin layer. A similar effect was observed in the bombardment of arachidic acid
Langmuir-Blodgett layers by Cgo and Ar, clusters [22,45]. In our simulations, 10 keV Arzono
projectiles induce craters that are approximately 10 nm deep in pure organic material, a depth
that is reduced to the thickness d when it is lower than 10 nm. More details about the
evolution of the crater shapes and sputtered material in these simulations can be found in
reference [49]. Though the analytical model presented above uses a crude representation of

the curve obtained in the MD simulations, with only two steps of sputter yield (one for the

22



ultrathin film regime and one for the bulk), the values of thickness and yield extracted for the
layer with enhanced sputtering are in qualitative agreement with the MD results (dinterface = 3
nm and Yinerface = 3% Ypuik, S€€ Figure 6.a). These simulation results therefore support the
interpretation and the simple model of sputtering including a layer with enhanced sputtering
near the substrate, resulting from the confinement of the Ar cluster energy for ultrathin
organic films on hard substrates.

The proposed model is confirmed by the study of the bilayer system “PS 4k / PMMA
150k / Si”, where the energy deposited by the projectile in the uppermost PS layer is not
confined anymore by a dense substrate like Si, but it is now dispersed in the underlying soft
PMMA layer. Consequently, the nanoconfinement effect on the sputter yield volume
disappears, as indicated by the red dotted line in Figure 5. Moreover, the comparison of the
extrapolated ideal dependence of the sputter dose as a function of d (obtained by linear
regression) shows that the cases of PS 4k deposited onto Si and PMMA 150k are substantially
identical (see Figures 1 and 3, or Figure S5). Indeed, for PS 4k on Si the fitted Ypuk value is
67.2 nm°/PI, while for PS4k on PMMA 150 k is 69.2 nm*/PI.

As further validation of the hypothesis done, the sputter yield of the PS 60k single-layer
system is also found to be dependent on the film thickness (see orange solid line in Figure 5).
Here, the influence of the higher M,, is reflected in smaller variations of Y vs d. This might be
explained by the fact that at higher My, long portions of macromolecules remain still
entangled to the polymer surface after each Ar cluster bombardment event, conversely to low
My, polymers, where the material volume energized in the ion impact is wiped out more
effectively because there is no need to break covalent bonds [18,50]. An additional factor
might intervene in the Y(d) behaviour of PS 60k compared to PS 4k, that is the lower
interfacial (air/polymer) free volumes that characterize high M,, polymers with respect to the

oligomers [51].
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5. Conclusions

This study demonstrates a remarkable dependence of the sputter yield on the thickness of
model polymer ultrathin films deposited onto a hard substrate (in this case silicon) under Ar
cluster ion bombardment. To our best knowledge, it is the first time that a similar behavior is
experimentally shown for polymer-based materials and especially oligomers. Indeed, previous
investigations were carried out with different organic systems and cluster projectiles or by
MD simulations. The thickness dependence of Y for PS 4k ultrathin layers on Si substrate was
confirmed by two independent measurements of the film thickness, i.e. ellipsometry versus
atomic force microscopy. The quantification of the phenomenon was based on the
ellipsometric determination of the thickness ranging from ~15 nm to ~230 nm. Y shows a
steep decay in the region below 90 nm for both PS 4k and PMMA 4k single-layers, then it
reaches a constant bulk value. The absence of the Y(d) enhancement in the thin layer regime
for PS 4k films onto a soft substrate leads to hypothesize a mechanistic nature of the observed
phenomenon involving the reflection of the Ar cluster energy at the interface with the hard
silicon substrate and its confinement in the polymer layer. A physical “2-layers” model was
developed to describe the thickness dependence of Y, where the maximal sputter yield is
located at a critical thickness of a few nm, depending on the energized volume by the primary
ion impact (1% constant layer). Then, the gradual increase of d, by means of a 2" hypothetical
layer of increasing thickness, mitigates the interface effect till its complete cancellation
around 90 nm, where the bulk value of Y is reached. MD results obtained on ultrathin layers
of PE-like oligomers onto a hard substrate are in qualitative agreement with this model,
supporting the mechanistic interpretation of the observed phenomenon. Additionally, an effect

of the polymer M,, on the thickness dependence of Y is highlighted in the case of PS. Indeed,
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an increase of M,, leads to a decrease of the substrate effect on the Y-enhancement for very
thin films, due presumably to a higher degree of entanglements and a lower chain-end density.
Further investigation could be undertaken, both in experiments and theoretical work, in order
to elucidate the My, impact on the trend of Y versus d. Finally, for accurate sputtering yield
measurements on hard substrates, it is recommended to work with polymer films with a

thickness above 100 nm for oligomers (PS 4k) and probably more for longer-chains (PS 60Kk).

Appendix A: Supporting information

Figure S1: Tridimensional AFM images and related average surface roughness (R,) versus the
thickness of Si-supported PS 4k ultrathin films.

Figure S2: Tridimensional AFM images of a single edge of the incisions performed on the
samples Al and A5 of the PS 4k single-layer system for an estimation of the polymer film
thickness.

Table S1: Young’s moduli for the materials used in this paper.

Table S2: Sputter conditions employed for the different model systems analyzed by SIMS.
Figure S3: SIMS molecular depth-profiles of the 17.5-nm thick PS 4k film on silicon acquired
with three different 10 keV Arzgo” currents: 0.3 nA, 0.1 nA and 0.05 nA.

Figure S4: Comparison of the Y calculation based, respectively, on the Si* and SiOH™ ion
signals for the PS 4k and PMMA 4k single-layers.

Figure S5: Summary of the linear fittings Y(d) for the different model systems described in
Table 2.

Figure S6: Sputter yield volume (Y) versus thickness (d) of the Si-supported thin films of PS

4k, PMMA 4k, PS 60k, and Y of the uppermost PS 4k layer of the polymer bilayer system.
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Highlights

The sputtering efficiency Y of polymers near the surface is dependent on that substrate.
The increase of Y for ultrathin layers on silicon is due to energy back-reflection.

A physical “2-layers” model is developed to describe the thickness dependence of Y.
The mechanistic interpretation of Y(d) is supported by molecular dynamics simulations.

The effect of the polymer M,, on the thickness dependence of Y is pointed out.
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