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Abstract

Mechanical properties of ultra-thin organic films are of fundamental importance considering
coating applications. Micromechanical cantilever sensor (MCS) and laser-based surface
acoustic wave (LA-SAW) techniques were both used to measure the Young's moduli of plasma
polymerized films at different humidities. For plasma polymerized allylamine (ppAA) films
deposited at 5 W and 90 W, Young’s moduli of 1400 + 350 MPa and 110 + 20 MPa at humidities
between 10 — 40 %, and 1070 £+ 250 MPa and 32 + 10 MPa at humidities between 70 — 80 %
were measured. LA-SAW technique revealed Young’s moduli lower than 60 % of those by
MCS technique. The difference suggests an enhanced swelling at the air interface or a gradient

of cross-linking density. (120 words)
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1. Introduction

Organic thin films are an attractive approach to immobilize molecules % and to realize
superhydrophobic 3 and dielectric coatings. %71 Organic thin films can be directly deposited
on almost any substrate by using a plasma-assisted polymerization process. ©! In order to
achieve efficient functionality of plasma polymerized organic thin films, specific organic
molecules can be used during the deposition process. % In addition to the chemical
functionality, the mechanical stability of plasma polymerized films plays a major role. For
example, the coatings of mechanical components need to be highly resistant to wear, [2 %I
corrosion, [** %1 and delamination. Plasma-assisted polymerization processes offer a unique
option in thin film preparation, since the mechanical stability can be adapted by varying the
deposition conditions. This in turn affects the cross-linking density and mobility of polymeric
chains. 1 In general, it has been shown that films deposited at a higher input power level
exhibit a higher cross-linking density. 7] Thereby Young’s modulus, ™8 hardness of film [2°]
and its wear resistance can be increased. 2%

Dynamic mechanical analysis (DMA) is a standard characterization method used to determine
mechanical properties of polymers. However, DMA requires thick films (> 1um) and is thus
not appropriate for the study of thin (< 1um) films. Nano-indentation technique is considered
to be one of the most useful methods for determining Young’s modulus (E) of thin films. [21-25]
However, for ultra-thin films up to a thickness of 20 nm the indentation depth is limited to about
10 — 20 % of the film thickness. 2% 27 In other words, indentions of < 2 nm have to be made in
order to avoid the influence of substrate materials. Such small indentations are possible by using
scanning force microscopy methods. However, scanning force microscopy methods are able to
sense local mechanical properties, which can be different to mechanical properties of entire
film. Consequently, several measurements have to be performed at different positions.

Mechanical properties of plasma-deposited films may vary according to their thickness.
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Therefore, alternative methods have to be developed and evaluated to measure ultra-thin
polymer films.

Recently, we described the possibility of calculating E of polymer films made by layer-by-layer
deposition of polyelectrolytes (< 20 nm thickness) on the micromechanical cantilever sensor
(MCS). 2831 The swelling of polymer films in a solvent vapor environment transduces into a
measurable bending of MCS. B8 37 In this way, E of the thin polymer film can be calculated by
determining the magnitude of bending and the swelling ratio. This method should in theory, be
applicable for ultra-thin films made by plasma deposition.

Alternatively, E of ultra-thin films can be determined by laser-based surface acoustic wave
(LA-SAW) technique. B84 Here, a surface acoustic wave (SAW) is generated by laser
irradiation on top of the ultra-thin film. The phase velocity of SAW is dependent on E. Typically,
LA-SAW technique performs well for ultra-thin films with a £ > 300 GPa. Y However, it is
an open question whether thin polymer films can be measured using LA-SAW technique, and
whether it is reliable in the case of ultra-thin plasma polymerized films.

In this study we used plasma polymerized allylamine (ppAA) as a model material. 21 The
PPAA films deposited on MCS swell upon exposure to humidity, B and we have previously
shown that the resulting changes in their mechanical properties can be measured by the bending
of MCS. 31 Our current work focuses on calculating E of ultra-thin plasma polymerized films
using (i) the bending characteristics of ppAA coated MCS, and (ii) LA-SAW propagation at
surface in response to humidity changes. Ellipsometry was used to determine the material

parameters additionally required for ppAA films to calculate E.

2. Experimental Section

I.  Preparation of ppAA films
Allylamine monomer (99 %, Sigma-Aldrich) was plasma-polymerized with input power levels

of 5 W and 90 W under continuous wave conditions, and a process pressure of 10 Pa. This
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corresponds to our previous published experimental work using a 13.56 MHz Pyrex plasma
reactor. 57421 The ppAA films deposited at a higher plasma power level (P = 90 W) resulted in
a higher cross-linking density than those deposited at lower power level (P =5 W). 231 Generally,
films deposited at higher input power showed a higher roughness and cross-linking density 171,
The energetic ion bombardment and UV irradiation during the plasma deposition process

determines the cross-linking density of the film. [44]

Il. Thickness measurement of ppAA films

Imaging ellipsometry (EP3, Nanofilm Technologie GmbH, Germany) was used to measure the
thickness changes (4d/d) of ppAA films under defined humidity conditions. The samples were
mounted in the fluid cell (SL-cell, Nanofilm, volume 7 cm®) with windows at an angle of 60°
relative to the sample plane. A laser with a wavelength of 532 nm at an incident angle of 60°
was used. For ellipsometric measurements, ppAA film was deposited directly onto a piece of
silicon wafer (nsi = 3.879 — 0.0257i). The refractive index of ppAA film, nppaa, was calculated
from a fit to a model consisting of a single uniform layer on a substrate for each measurement.
For a5 W film of ngpaa = 1.564 — 0.0i, and for a 90 W film of nppaa = 1.624 — 0.0i resulted in

the best fit. The errors of fits in both cases were == 0.004. A scanning force microscope was

used to measure the root mean square (RMS) surface roughness of ppAA films, which was 0.6

nm for a corresponding area of 1 pm?.

1. Humidity (H) control

A humidity controller was used to control the partial vapor pressure in a fluid cell which enabled
relative H conditions from 0 to 100 %. 81 In the dry state, the fluid cell was flushed with N
gas at a defined H by using a specially-constructed gas mass flow setup (flow controller: Model
80s, McMillan Company, Texas, USA). Different relative concentrations of N> and H.O were
obtained by mixing dry N2 gas and N gas saturated with water vapor at T = 20 °C. The setup
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was operated at a constant flow speed of 0.5 L/min. After buffering the vapor, a small amount
of the vapor was fed into the fluid cell by using an electric pump (NMP-30, Neuberger Inc.,
New Jersey, USA). For the measurements, a constant flow of 100 puL/min through the fluid cell
was established (volume of the fluidic cell ~30 pL and volume of the connecting tubes ~20 pL).
Given this set-up, the fluid cell environment changes between dry and different H states in
desired steps of 10 %. After reaching the desired H, the system was flushed with dry N, and

then the H was increased further.

IV. MCS bending measurement

The deflection and resonance frequency of MCS were measured by an optical beam deflection
technique in the above-mentioned fluidic cell (SCENTRIS, VEECO Instruments, USA, Figure
1). We measured the resonant frequencies of eight MCSs arranged in a linear array. We used
MCSs fabricated from Si with a thickness of 1.2 — 1.9 um, a length of 500 um, a width of 90
pm and a pitch of 250 um (Octosensis, Micromotive GmbH, Germany). The resonant

frequencies of uncoated MCS were 10730 = 30 Hz and 6900 = 20 Hz and were used for 5 W

and 90 W ppAA coatings, respectively. The films of ppAA were prepared on the MCS chip and
on Si wafer substrates in the same process described previously 2. Each of the eight-MCS
arrays had at least one MCS without a ppAA film (Figure 1). These were used as references

and were required to compensate thermal drift in the setup that arises during a 24 h experiment.

3. Principle of Measurements

I. E calculation by MCS technique
Swelling of films deposited on MCS generates surface stress, which is proportional to the
difference in expansion coefficients between the film and the substrate (Figure 1). ¥/ The

deflection behavior of MCS can be described as being similar to the bending of a bi-metallic
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strip upon temperature changes. “® The change in deflection A8 of a bi-material strip upon

humidity changes AH is given by 1]

lZ

A8

_ 31 EsiEfiimtsitfilm (tsi*tfilm) (@it — as YAH (1)
= = > 7 ilm i ’
2R (Esitsi®) +(Efiimtfilm ) 2EsiEfilm tsitfilm (2tsi®+3tsitfiim +2tim )

where ag), and ag; are linear expansion coefficients of film and Si at a given H, Eg; and Egp,
are E of Si and film, tg; and tg;,, are thicknesses of Si cantilever beam and film, [ is a length of
cantilever beam. The geometric values of [, tg; and tg;,,, are given by the fabrication design of
MCS. Thus, ag, and Eg, are the unknown parameters in equation (1). In order to check
which magnitude of Ep;,,, values are accessible by this method, we calculated the change in
deflection, A8, at a typical ag;,,, of 0.0001 for polymers for a AH of 10 % (Figure 2). For tgm
< tgi (tam/tsi = 0.05), the deflection of MCS due to swelling of the film becomes almost
directly proportional to Eg),,, in the range of 10" — 10 Pa. Typically, the deflection of MCS
can be measured with an accuracy of < 1 nm. Thus Ef,;,,, values of 10 MPa or more are

accessible.

Il. E calculation by LA-SAW technique:

Laser acoustic thin film analyzer (LA wave, IWS, Germany) was used to estimate E of thin
ppAA films near the air surface. SAWSs were generated by illumination of the surface with short
laser pulses (wavelength: 337 nm, pulse duration of 0.5 ns, and power of 0.4 mW). This method
is based on measuring the phase velocity of generated SAW. The SAW propagates along the
surface of materials and its amplitude decays exponentially. In the case of thick bulk samples
(homogeneous and isotropic materials without any film on top), the phase velocity ¢y, Of

SAW is given by equation (2) %

c _0.87+1.12v2 E )
bulk = 1+v 2p(14v) ’
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where v is Poisson ratio of a bulk sample material. Thus the phase velocity of SAW for bulk
samples in the propagation direction depends on both E and p, and is, in particular, not related
to the frequency of SAW, Bl

However, in the case of thin films on top of a bulk sample the depth of propagating
SAW needs to be considered. The depth of propagating wave becomes proportional to
wavelength 2 and decreases with diminishing frequency. Correspondingly, the phase velocity
of SAW depends on the film’s thickness and the frequency of SAW. 81 The phase velocity is,
in particular, more relevant for thin films when the SAW is generated at a higher frequency.
For a homogeneous and isotropic thin film and a homogeneous and isotropic substrate, the
phase velocity Cgim+substrate depends on E of the film and the substrate (E'g1, and Egypstrate)s
on their Poisson’s ratios (Vgm and Veypstrate), their densities (pgim and psupstrate), the film
thickness t, and the frequency of SAW , as represented by the dispersion relation, shown in the
following equation (3).

Crilm+substrate = &(Esubstrates Efilm» Vsubstrates Vfilm» Psubstrate Pfilm» & f) (3)

In our measurements, a pulsed nitrogen laser was used to generate a wide band surface
wave. The laser beam was shaped into a line on sample surface by a cylindrical lens. The
generated SAW impulses were detected by a transducer for at least two different distances, x;
and x,, from the transducer to the laser focus line. The surface wave velocity spectra c(f) is

obtained from:

_ 27f (X2—%1)
) = Gt )

where ¢, (f, x1) and ¢, (f, x,) are SAW phase values for frequency of f at positions x; and
X5, respectively. The c(f) at a specific position can be obtained from a Fourier transformation
of SAW signals in the time domain registered by the transducer at both distances. Then E'gp,

is obtained by fitting equation (4) to the dispersion data.
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4. RESULTS

I.  Vertical expansion: Thickness and swelling measurements

In order to calculate Efim by MCS method, the afim at different H values of thin ppAA films
were required. Here, we applied ellipsometry to determine the relative changes in the film
thicknesses (Ad/d) of ppAA film at different H values (Figure 3 (a)). The ppAA films deposited
in dry nitrogen at a plasma power level of 5 W and 90 W, had thicknesses of 86.4 = 0.1 nm
and 98.1 = 0.4 nm, respectively. We found that the thickness of ppAA films increased linearly
up to H = 60 %. In addition, the increase in thickness appeared to be independent of the plasma
power level used until H = 60 % was reached. Thus, the H induced expansion coefficients were
similar to the 5 W and 90 W ppAA films in the range of H =0 % to H = 60 %. Above H =
60 %, the relative film thickness of 5 W deposited ppAA thin film increased significantly more
than 90 W ppAA films. This difference in swelling was consistent with the assumption that 5
W ppAA films exhibit a lower cross-linking density and can thus incorporate more water
molecules.

Since the ppAA film expansion was dependent on humidity, we calculated the
corresponding humidity induced expansion coefficients, «, by H increments of 10 % (Figure 3
(b)). We obtained afim . = 0.0005 = 0.0002 for the H range from 5 % to 60 % for both 5 W
and 90 W films. At H > 60 %, asiim . becomes 0.0032 = 0.0002 and 0.0012 = 0.0004 for the
5 W and 90 W ppAA films, respectively. The error bars correspond to the standard deviation
of measurements at seven different areas of the same sample. The symbol L denotes that we

measured thickness changes by ellipsometry.
However, for MCS technique the humidity induced expansion coefficients of ppAA films
along MCS lengths (i.e. afim /) are required. For thin films that swell homogeneously and

isotropically afim 7 = ariim 1 can be assumed. Nevertheless, the ppAA film is anchored to the

MCS surface. Thus, the presence of MCS surface hinders the lateral expansion of the ppAA
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film and asim 7 < ariim 1. We will discuss errors in calculating E given this connection in section

I1-A.

Il. Lateral Expansion: MCS bending measurement

Deflection of MCS by swelling ppAA films

Identical ppAA films were prepared on MCS and exposed to different H ranging from 0 % to
85 % using a computer-controlled setup (Figure 4 (a) and (b)). Two subsequent H cycles are
plotted, showing the observed deflection for a 5 W ppAA film during both increasing and
decreasing H cycles (Figure 4 (a)). One typical cycle of increasing and decreasing H for a 90
W ppAA film is shown in Figure 4 (b). At time t = 10 minutes (Figure 4(b)) the stability of
measured deflection signal was confirmed by keeping H = 20 % for a few hours. At constant
H, fluctuations of deflections < 0.2 % were measured and were considered negligible.
Furthermore, the drift of the entire setup was measured by determining the response of adjacent
MCSs, acting as references that were not coated with a polymer film. The deflection values of
such reference measurements were used to subtract background signals (Supporting
information). Our measurements confirm reproducible swelling of ppAA films and indicate
no significant or measurable polymer degradation during repeated exposure to humidity over
the time frame studied in this experiment (30 hours).

Figure 4 (c) and (d) show the bending response of 5 W ppAA film and 90 W ppAA
film over time for a stepwise H variation from 0 % to 10 %. After the exposure to each humid
environment for 10 minutes (in steps of 1 %, 2.5 %, 5 %, and 10 %) the samples were exposed
to dry N2 for 20 minutes before the next exposure to humidity. By switching the single four-
way valve we were able to create a dry condition in the sample chamber (Figure 1). For each
dry exposure, the bending deflection returned to the initial zero point of deflection which
confirmed that (i) the gas inside the chamber was replaced completely, and (ii) the reversible
swelling of PPAA film (Figure 4 (c) and (d)).

-9-
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It is worth to notice that the saturated deflection magnitude at the same H-level between
the increasing and decreasing cycle is different. For example, at H = 10 % in the decreasing
cycle the saturated deflection of 594 nm was measured. This value was slightly smaller than
that deflection magnitude of 630 nm in the increasing cycle for a5 W ppAA film. The hysteresis
could be up to 6 % in deflection magnitude and indicates that the de-swelling of films was

affected by remaining water molecules left over from previous humidity exposure to films.

Stress changes of swelling ppAA films

The change in stress within the swollen ppAA film can be calculated from the deflection
magnitude of MCS using Stoney’s formula. 551 Within the entire H range from 10 % to 80 %,
we measured a larger stress change for the ppAA film deposited at 90 W compared with the
one deposited at 5 W (Figure 5). Moreover, the experiments that were performed in the
increasing H process showed a larger stress change compared to the subsequent experiments
performed while reducing H. This behavior was found for both 5 W and 90 W ppAA films and
was fully reproducible in the second cycle recorded the next day. At first glance, this additional
water residue should lead to a higher stress magnitude while decreasing H, because more water
was present in ppAA films. However, the presence of residual water also influences the Egpy, -
Specifically, the presence of residual water decreases E of ppAA films. Consequently, the
deflection magnitude and the calculated stress change both decrease compared to the
experiment where H was increased stepwise. In order to address the overall changes in Epy,,
we calculated averaged stress changes (lines plotted in Figure 5). The results indicate an
increase of the averaged stress change of the swollen ppAA film when exposed to humidity.
However, the increase of averaged stress was not directly proportional to the level of H. At the
highest measured level of H, the stress value for 90 W ppAA film was 1.6 times larger than that

of 5 W ppAA film.
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I11. E calculations
A. MSC technique. We calculated Eg;,,, using equation (1) (circle symbols in Figure 6). For

the calculation, the averaged deflections and calculated cfim | values based on ellipsometry

data (Figure 3 (b)) were used. Furthermore, in humid environments, the values of asi = 0 and
Esi =165 GPa remained constant. However, it was important to consider the relationship of

afimy < agfim 1+ Which was deduced from ellipsometry measurements. Therefore, our
calculations of Eg;,,, using afim 1« can be seen as the lower limits of Eg;,,. In order to estimate

an upper limit for Eg;,,, the minimum swelling state of a ppAA film at a low H level was used.
In the case of the small volume expansion, the effects from substrate can be disregarded. We
determined that the swelling of ppAA film was isotropic and that the film expansion in both

parallel (//) and vertical (L) directions was identical, i.e. 0.0005 for both of the ppAA films

deposited at 5 W and 90 W (Figure 3 (b)).
Irrespective of the power level during plasma polymerization, Ef;,,, Of both films
decreased with increasing H (Figure 6). The Ef;,,, calculated for 5 W and 90 W ppAA films

were 1070 == 250 MPa and 1400 == 350 MPa for H =0 % and H = 10 %, respectively. These

results were slightly lower than E-values obtained by nano-indentation on plasma-polymerized
thin films of vinyltriethoxysilane (3 — 10 GPa 8l), We attribute the lower E-values for ppAA
films to the different composition of films and their partially swollen state during
measurements.

For H < 60 % almost no difference in Ef,,, Values between 5 W and 90 W ppAA films
was found. For H > 60% the higher cross-linking density in 90 W film leads to a reduced

swelling and thus to an increased Eg),, of 110 = 20 MPa between H = 70 % and H = 80 %
compared to 5 W film (32 == 1 MPa). The results indicate that the mechanical properties vary

less upon H-changes for a film with a higher crosslinking density, i.e. deposited at a higher

power.
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B. LA-SAW. LA-SAW measurement was performed over a H range of 20 — 50 % and at a
room temperature of 25 £ 3 °C for ppAA films of thickness 100 + 10 nm deposited on a Si-
substrate. Then, SAW propagation along <011> direction of Si (100) was measured. SAWSs
with a frequency of 30 MHz were detected at different distances, | + Al, where | was 25 mm
and Al was varied from 0 to 5 mm. The calculated phase velocity spectra of SAW wave—packets
were used to fit E'¢ Of ppAA films (square symbols in Figure 6). Egypstrate COrresponds to
Si substrate (density: 2.33 g/cm®) and we took C11: 165 GPa, C12: 63.5 GPa, Cas: 79.6 GPa for
each crystal orientation, respectively. X-ray reflectivity measurements (Rigaku RINT ATX-G)
revealed a ppAA film density of 1.12 + 0.06 g/cm? (5 W) and 1.55 + 0.04 g/cm?® (90 W), [57: 58]
To determine the Poisson’s ratio of films we are taking 0.4, which is a widely used value for
polymers B9, The E’ g, 0f the ppAA film of 5 W decreased from 0.249 GPa to 0.138 GPa for
a H change from 15 % to 46 %. These E'¢;;, Values were 41 + 38 % and 60 + 30 % lower than
ones calculated by MCS technique for 5 W ppAA and 90 W ppAA, respectively (Figure 6).
However, the relative differences of E between both films at different H levels were confirmed:
The E'¢;m Of the 90 W film was larger compared to the 5 W film, and the E'g,y, in high H

conditions was smaller than in a low H environment.

6. Discussion

The E'1, in LA-SAW measurement was smaller compared to the Eg;,, measurement using
MCS technique. Based on surface acoustic waves, LA-SAW technique was more sensitive to
polymer properties at its air interface and less sensitive to polymer properties at its substrate
interface. The difference of calculated E's;,,, and Ef;,, can be explained by two possible
theories: (a) ppAA films swell more at polymer/air interface compared to the interface of solid
substrate. The presence of substrate may even lead to some inhibition of swelling. (b) The

crosslinking density of ppAA films was lower at the air-interface compared to its interface with
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a solid substrate. In contrast, the driving force for cantilever bending occurs at the silicon
substrate interface. We are of the opinion that both theories are feasible for ultra-thin ppAA

films.

7. Conclusion and summary

We measured Young’s modulus of approximately 100 nm thick polymerized films that
were made using a plasma deposition process. We selected plasma-polymerized allylamine
(ppAA) as model films that swell upon exposure to humidity. A decrease of Young’s modulus
with increasing H was consistently observed. The MCS technique is based on the measurement
of the deflection of cantilever beams. The error of the measurement was dominated by the error
of the expansion coefficient that was inferred from ellipsometry. In contrast, the LA-SAW
technique revealed lower E values. We attribute this difference to a lower cross-linking density
of ppAA films at the air interface, or to enhanced swelling of polymer close to the air interface.

One major outcome of this work is that both techniques MCS and LA-SAW are applicable
for measuring ultra-thin plasma polymerized films and represent an alternative to nano-
indentation measurements. Nano-indentation measurements might not be easily feasible in
harsh environments such as polymer solvents. However, MCS technique is not only restricted
to experiments involving humidity. It can be readily used in experiments using various polymer
solvents and vapors. [46:60.611 A simple estimation revealed that MCS is able to measure E down
to 10 MPa. In principle, the MCS method can be used to determine E for films with a thickness

of less than 10 nm, as long as the expansion coefficient can be determined.
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458  Figure 1. This schematic diagram shows the principle of the MCS bending technique. The
459  deflection is measured along the +z direction. Here, the lateral swelling (red arrow) of polymer
460  film deposited on top of the MCS along the beam direction results in a bending of MCS.
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464  Figure 2. Calculated Young's modulus of a thin uniform polymer film (tiim = 100 nm) that is
465  located on a 500 pum long MCS made from silicon (tsi = 2 um). The deflection is induced by a

466  humidity change 4H of 10 % while a constant expansion coefficient ciim is assumed.
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469  Figure 3 (a). The relative film thickness change, i.e. (4d/do), of ppAA films prepared with 5 W
470 and 90 W plasma power levels as a function of humidity. Ad and do are the changes in the
471  thickness and the thickness at 0 % humidity, respectively.
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Figure 3 (b). Calculated expansion coefficients of ppAA films. Ellipsometry
measurements indicated that the expansion coefficient at H < 60 % is constant (blue dashed
line). This can indicate isotropic swelling (yellow arrows). At H > 70 %, the measured ciim
increased up to six times for the 5 W ppAA film and two times for the 90 W ppAA film (red
dashed line). Here it possibly indicates hindrance in lateral expansions while vertical

expansion is promoted. This is depicted by different sized yellow arrows.
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Figure 4. Series of exposures of the MCSs coated with ppAA films at different humidities. The
MCSs were exposed alternatively to each defined humidity value followed by exposure to dry
nitrogen. Switching the 4-way solenoid valve allowed rapid changes (< 100 msec) of flow in
the sample cell between 0 % humidity and different levels of humidity. One complete cycle of
increasing and decreasing humidity was performed in 18 hours. (a, ¢) ppAA films deposited

with 5 W and (b, d) 90 W plasma power.
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494  Figure 5. Saturated surface stress in compressive responses at each stage of humid environment
495  for ppAA films. The black arrows indicate increasing and decreasing humidity cycles. The solid
496  green and pink lines correspond to the average stress changes calculated from increasing and
497  decreasing humidity cycles.
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Figure 6. The calculated Young’s modulus using the MCS (circles and triangles) and the LA-
SAW (squares) techniques. The uncertaininty in Esim values for the MCS technique is dominated
by the error in asim, which was calculated from the thickness measurements by ellipsometry at
different humidities. The error bars for the LA-SAW measurement correspond to measurements
at different points on the sample and different distances Al. An error of £3 % in the humidity
values based on the stability of the humidity of the measurement system during the experiments

was calculated in. In total, we obtained error bars of 0.07 GPa in the value of E iim.
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