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Abstract

The metallization of polymers has been the subject of several scientific studies
Polymethylmethacrylate PMMA is known to have very bad adhesion to plasma deposited
aluminum thin films. This study focuses on understanding the phenomena of adhesion
between PMMA and metallic aluminum films deposited by magnetron sputtering. Before
deposition, in situ pulsed DC plasma pre-treatment was performed in various atmospheres.
We showed that oxygen-rich and short duration plasma pre-treatment considerably increase
PMMA'’s adhesives properties. Contact angle measurements showed a significant increase in
the wettability of plasma pre-treated samples. XPS analysis revealed that the interaction
between plasma species and polymer surface results in two simultaneous phenomena:
surface functionalization by the introduction of oxygenated chemical functions such as
carbonyl groups (C=0) and surface degradation by the splitting of carbon chains by plasma
UV radiation. Moreover, AFM analyses showed that the slight increase in surface roughness

leads to best adhesion between PMMA and aluminum.
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1. Introduction

Polymethylmethacrylate (PMMA) is a polymer widely used in various industrial applications
[1,2]. It represents one of the most important optical materials because of its excellent
transparency [3]. Furthermore, PMMA is the first choice polymer for automotive and
aerospace industries because of its weather resistance, machinability, and low costs. In some
decorative applications, the deposition of metallic thin film (aluminum, copper, silver ...) is

needed, for which the most frequently used process is physical vapor deposition (PVD).

Unfortunately, PMMA shows poor adhesion with thin films deposited by plasma (PVD,
PECVD) [4-6].

In order to improve the adhesion properties of PMMA, the industrial partner IREIS-HEF has
formulated a wet deposited adhesive varnish. This solution requires many preparation steps
(chemical and electrostatic cleaning, substrate transfer to the coating reactor ...) and it is a
source of liquid and gaseous wastes. This is why an eco-friendly process such as cold plasma
pre-treatment could be an interesting alternative to improve PMMA’s adhesive properties.
This technology is also easy to perform and does not affect the optical properties of PMMA
before the deposition of the functional thin film. In addition, cold plasma pre-treatment is
usually performed in situ (without breaking the vacuum) a few minutes before deposition of
a functional coating for which allows a significant reduction in polymer treatment time and
cost [7,8]. More broadly, researchers agree on the effectiveness of cold plasma treatments
for modifying the surface chemistry of commercial polymers (PMMA, PC, LDPE ...) which can
improve their surface properties. For instance, Peyroux et al. showed that plasma treatment
of LDPE in reactive conditions (O2/N3) increases their surface energy which enhances their
adhesion and printability properties [9]. Similar results were found by Carrino et al. and
Pandiyaraj et al. who observed that air cold plasma pre-treatment increased the adhesives
properties of polypropylene. As it was reported, the interaction between polymer substrates
and cold plasma allows the incorporation of new polar functional groups such as C-O, C=0,
0=C-0, and COOH. The interaction between these functionalities and the adhesive material
leads to molecular bonds formation that contributes to improving the polymer adhesive

[10,11] strength.



Moreover, up to now, previous works on the adhesion between PMMA and PVD coatings
investigated mainly the inorganic oxides and not metal. For example, Ben Amor et al. [14]
and Duchatelard et al. [15] studied the adhesion between PMMA and alumina coatings
(Al,03) for photo protection and dental applications respectively. Schultz et al. reported that
Ar/H,0 cold plasma treatment improves the adhesion between PMMA and SiO; thin films
[8]. Schissel et al. [4] worked on the role of optically transparent inorganic interlayers (SiO3,
Cr,03, Fe,03 and MgO) deposited by PVD in improving the adhesion between PMMA and
silver to manufacture organic solar reflectors that may replace glass mirrors in solar

concentrators.

Hence, the improvement of the adhesion between PMMA and PVD deposited metallic films
is still a challenge. The low adhesive properties of PMMA can be linked on one hand to its
intrinsic properties especially its low surface energy [6], and on the other hand to the
phenomenon of surface degradation of the polymer by cold plasma energetic species [16].
Hence, Schultz et al. investigated the surface modification of PMMA during oxygen plasma
exposure. It was reported that reactive oxygen species such as atomic oxygen and radicals
are effective in breaking chemical bonds and to initiate polymer degradation [12].
Furthermore, Melo et al. showed that high energy UV radiation (between 200 and 300 nm)
can cause hemolysis in PMMA’s chemical bonds. They noticed that the FT-IR spectra of UV
irradiated polymers remain qualitatively unchanged but the total intensity is reduced and

explained that by polymer chains scission [13].

Finally, as described in the literature, two major mechanisms seems to take place during
plasma pre-treatment: Surface activation by introducing new oxygenated chemical bonds on
the top surface of PMMA [17], and surface degradation caused by polymer chain scission
[18,19]. Therefore, in the present, work, we will investigate these possible mechanisms
during a plasma pre-treatment of PMMA and their link to the further mechanical adhesion

with a PVD deposited aluminum layer.



2. Material and methods

Polymethylmethacrylate (PMMA) industrial sheets (50 x 30 x 3 mm3) from ARKEMA® were
used during all experiments. We chose a transparent type of PMMA with the minimum
guantity of additives: cast PMMA (ALTUGLAS®CN). No chemical cleaning was performed on
PMMA before the introduction in the vacuum system. Surface pre-treatment and aluminum
deposition were performed using PLASSYS MP400 PVD machine equipped with two
magnetron cathodes and a rotating, heatable, and polarizable substrate holder. A base
pressure of 1. 10°® mbar is reached using a primary nXDS15i dry scroll pump and a secondary

turbomolecular pump nEXT-400D from Edwards.

Argon (99.9992 % purity) and oxygen (99.995 % purity) cold plasma pre-treatments of
PMMA substrates were performed in various discharge conditions (power, pressure, and
time) using pulsed DC power with a constant duty cycle of 50 % and frequency of 250 kHz.
To understand the effect of surface pre-treatment parameters on the quality of aluminum
adhesion on PMMA, a full factorial design (3 factors, 2 levels) was carried out using a
statistical software [20]. The levels of variation of plasma pre-treatment conditions are
included in the following ranges: Power (20 and 300 W), Pressure (0.5 and 1.5 Pa), and
duration (10 and 300 s).

After plasma pre-treatment, aluminum thin films were deposited by sputtering an aluminum
target (99.9% purity, 76.2 mm diameter) in argon plasma. The target-to-substrate distance
was constant at 150 mm. Films of 150 nm were obtained for a deposition time of 300 s, a DC
power density of 3.3 W/cm?, an argon flow rate of 19 sccm, and a working pressure of 8.10°3

mbar.

The adhesion between PMMA substrates and aluminum films were characterized by a tape
test after cross cuts, according to the DIN EN ISO 2409 standard [22]. The adhesive tapes
used for the test are 3M™2525 and 3M™202 having an adhesion strength on steel of 75
N/mm and 42 N/mm respectively. After the peeling, the processing of optical microscopic
images of the samples using “image J” software allowed us to express the adhesion in terms
of the percentage of aluminum remaining on the PMMA surface which eases the comparison
between samples with close adhesion levels estimated visually after the tape test. It is

important to mention that the use of ImageJ as image treatment software takes into account



the entire image and not just the squares inside the slices2. The cuts are therefore included
in the analysis. They will be counted as part of the dark area (PMMA). In addition, these cuts
do not represent a true area of good or bad adhesion, but they artificially decrease the
percentage of remaining Al. To ensure the accuracy of the adhesion results, we normalized
the size of the microscopic images for all samples i.e. all images are taken with a

magnification of 500 um which corresponds to eight squares of grid.

To study the loss of adhesion between PMMA and aluminum film, Scanning Electron
Microscopy and Energy Dispersive X-rays (SEM-EDX) analysis were carried out on the PMMA
sample after the adhesion test. The SEM used is a ZEISS SUPRA 55VP, with a field emission
gun. Images were taken at a voltage of 3keV with an Everhart-Thornley type secondary
electron detector. To avoid surface charging, PMMA samples were coated with a very thin

film of gold before the introduction in the analysis chamber.

To investigate the adhesion failure zone, ATR-FTIR analysis was performed on the tape
(3M™2525) used for the adhesion test. A NICOLET 5700 (Thermo Electron) FTIR
spectrometer was used with an average of 32 measurements and a resolution of 4 cm™ to

collect spectrum in the 4000-400 cm™ range.

The surface energy of untreated and plasma pre-treated PMMA was calculated using the
conventional Owens-Wendt method [24]. Contact angle measurements of two different
liguids (water and formamide) were recorded using an Attention Theta Lite Optical
Tensiometer with an imaging source camera. To reduce the margin for error, five

measurements were performed on five different locations on the sample surface.

The XPS spectra were obtained by the mean of an Omicron brand EA 125 spectrometer using
a monochromatized MgKa (E= 1253.6 eV) excitation radiation. Surface charging was
minimized using a neutralizer gun which sprays the low energy Ar* ions over the sample
surface. To compensate the surface charging, all the binding energies were referenced to the
Cls peak at 284.5 eV [21]. XPS spectra decomposition was carried out using XPSPEAK 41
software. Plasma pre-treated samples were transferred to the XPS equipment in small

vacuum chambers to avoid surface evolution after exposure to ambient air.



The atomic force microscopy (AFM) measurements were performed using Innova®Brucker
AFM (France). The surface topography images of untreated and plasma pre-treated samples
were captured at tapping mode with a TESP-SS tip (tip radius of curvature 2-5nm). The

surface roughness has been measured on 2.5*%2.5 um? size.

3. Results and discussion

3.1. Adhesion failure between PMMA and aluminum films

To study the adhesion failure mode between untreated PMMA and aluminum thin film, we
used scanning electron microscopy and energy dispersive X-rays (SEM-EDX) analysis. Figure
1.a represents a SEM image of a PMMA sample after peeling off a part of the aluminum film
(after the adhesion test). The image shows the two zones targeted for EDX microanalysis.
The corresponding EDX spectra are represented in figure 1.b and figure 1.c respectively.
Before the peel test (figure 1.b), four elements were detected: carbon (C), oxygen (O),
aluminum (Al), and gold (Au) coming respectively from the PMMA substrate, the aluminum

film and the metallization gold film used for charge evacuation during the SEM analysis.

After the peel test (figure 1.c), no aluminum peak was detected on the EDX spectrum on
which indicates that the aluminum film was completely pulled off from the PMMA surface.
We can assume that the adhesion failure occurs either at the AI/PMMA interface (adhesive

failure) or in the PMMA (cohesive failure on the polymer side).

Furthermore, we observed an increase in the carbon peak intensity which was attenuated by
the presence of the aluminum film and a slight decrease in oxygen amount indicating that
the measured oxygen had two contributions: the PMMA substrate and the oxidized

aluminum film.



Figure 1. a) SEM analysis of PMMA after the peeling test, b) EDX analysis in aluminum film side
(before the peel test), c) EDX analysis in the PMMA side (after the peel test).

To check these assumptions, ATR-FTIR analysis was performed on the 3M-2525 tape before
and after the peel test and compared to the virgin PMMA spectrum (Figure 2). First, we
observe a decrease in peak intensities of the tape spectrum after peeling due to the
attenuation of the signal from the presence of the aluminum film. Second, PMMA
characteristic peaks such as CHs3 (748.6 cm™), C-O (1147 cm™), and C=0 (1730 cm™) were not
observed on the tape spectrum after the peeling test. This result suggests that the adhesion
failure between PMMA and aluminum film occurs at the interface between the aluminum

film and the PMMA and not in the PMMA substrate.
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Figure 2. ATR-FTIR spectra of virgin PMMA and 3M 2525 tape before and after the peeling test

In order to improve the adhesion of aluminum thin films on PMMA substrates, cold plasma
pre-treatment was performed and optimized using an experiment plan. The next section is
devoted to the study of the effect of plasma parameters (gas, power, pressure, and time) on

the adhesion properties.
3.2. Design of experiments

During this study, the adhesion strength between PMMA and plasma deposited aluminum is
expressed in terms of aluminum percentage remaining on the PMMA surface after the
peeling test. Figure 3 shows the adhesion between PMMA and aluminum film as a function
of plasma pre-treatment gas mixture: Argon, oxygen-poor gas mixture, and oxygen-rich gas

mixture.

First, we notice that the untreated PMMA presents a very low adhesion for the two adhesive
tapes such as the remaining aluminum percentage is 6.5 % and 10.2% for the tapes 3M-

2525, 3M-202 respectively. The plasma pre-treatment of PMMA by argon plasma shows a



slight improvement in adhesion. The percentage of remaining aluminum increases from 6.2
% to 10.2% for the tape 3M-2525 and from 10.8 % to 12.4 % for the 3M-202 tape. It is
possible that the adhesion improvement is due to the increase of the PMMA reactive sites
by chemical bonds reorganization supported by the increase of surface roughness. Indeed,
and as shown by J.Frederic [18], the surface roughening increases the specific surface of the
polymer substrate which increase the number of interactions between PMMA and

aluminum atoms. This hypothesis will be explored in the section 3.5.

Secondly, we observe that the use of oxygen-containing plasma significantly improves the
Al/PMMA adhesion strength compared to the untreated sample. For the 3M-2525 tape test
for example, the surface of the adherent aluminum was increased from 6.5% to 12.4 % by
the use of oxygen-poor plasma pre-treatment (50% of oxygen content). Moreover, the best
adhesion strength was obtained for oxygen-rich plasma pre-treatment (70% of oxygen
content). In this condition, the percentage of remaining aluminum reaches 32 % for the 3M-
2525 tape and 34.6 % for the 3M-202 tape. According to Junkar et al. [19], pre-treatment
using oxygen-containing cold plasma generates chemical modifications of polymer surface
by the introduction of reactive functional groups such as (C=0, C-O, O-C=0). These functional
groups can react with metallic atoms by the formation of covalent bonds improving the

polymer/metal adhesion [22].
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Figure 3. Evolution of the percentage of aluminum remaining on PMMA surface after the peeling test

as a function of plasma pre-treatment gas mixtures

To better understand the effect of oxygen-rich plasma pre-treatment parameters (power,
time, and pressure) on the adhesion of metallic aluminum films. We followed three factors
and two levels full factorial design (tablel). The levels of variation of each parameter were

normalized by coded variables (-1 for the low level and +1 for the high level).

Table 1. Three factors and two levels experimental design and the adhesion characterization results

for oxygen-rich plasma pre-treatment

Adhesion results
Experiment Power (W) Time (s) Pressure (Pa) percentage of aluminum
remaining on PMMA surface
(£3.1%)
1 -1 -1 -1 52.7
2 -1 -1 1 30.0
3 -1 1 -1 37.7
4 -1 1 1 21.7
5 1 -1 -1 27.8
6 1 -1 1 234
7 1 1 -1 135
8 1 1 1 6.5

The main effects plot for adhesion (figure 4.a) shows that plasma pre-treatment power has
the most significant effect on the adhesion of aluminum thin films on PMMA. The mean
percentage of aluminum remaining on the surface of PMMA is 35.5% for low power plasma
pre-treatment and 17.2% for high power plasma pre-treatment. Furthermore, short time
and low-pressure plasma pre-treatment are suitable to increase the adhesion quality. The
mean percentage of aluminum coating for short time plasma pre-treatment is 34.6%. It
decreases to 19.8% for long time pre-treatment. Moreover, the quality of adhesion
decreases with increasing pressure. It is 32.9% for low-pressure plasma pre-treatment and

20.4% for high-pressure plasma pre-treatment. From the results described above, the

11



following conclusions can be drawn: to optimize the pre-treatment process, the most
important parameter to study is the plasma power. Furthermore, the best plasma pre-

treatment conditions are low gas pressure, power, and time.

The interaction plot (figure 4.b) suggested that the effect of plasma pre-treatment power on
adhesion is dependent on both the pre-treatment time and pressure. We observe a strong
interaction between power and pressure such that the effect of plasma power is greater at
low-pressure levels. We also notice a weak interaction between power and time. It seems
that plasma power causes a greater degradation in adhesion for long-duration plasma pre-
treatment. However, there is no interaction between plasma pre-treatment time and

pressure. These two parameters are totally independent.
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Figure 4. Effect of plasma treatment parameters on adhesion between aluminum and PMMA: a -

main effects plot, b- interaction plot.

It is well known that cold plasma is composed of several species like negative and positive
ions, free radical molecules, electrons, and UV photons [23,24]. According to the literature,
the interaction of these plasma species with the polymer can cause many chemical and

physical modifications to its extreme surface.

For a better understanding of the influence of plasma pre-treatment on the adhesive

properties of PMMA, the following characterization techniques were used: contact angle

12



measurements for wettability, XPS analysis for chemical modifications, and AFM microscopy

for morphology and roughness analysis.
3.3. Contact angle and surface energy measurements

The evolution of contact angles and surface energies of plasma pre-treated PMMA were
investigated as a function of pre-treatment time. The results are reported in table 2.
Compared to the untreated PMMA, short duration plasma pre-treated PMMA shows a
significant decrease in contact angle with water (from 73.9 + 0.9° to 52.5 + 0.5°) and
formamide (from 52.0 + 1.2° to 47.4 + 1.0°). The surface hydrophilicity of PMMA is
significantly increased. Based on contact angle measurements, the surface energy of PMMA
samples was estimated using the conventional Wendt-Owens method [25]. Untreated
PMMA has a total surface energy of 36.6 + 0.8 mN.m™*. A maximum value of the total surface
energy is reached (47.1 £ 0.4 mN.m) in the case of a short duration pre-treatment. The
increase in pre-treatment duration does not seem to be beneficial for improving surface
energy. Moreover, the surface pre-treatment mainly influences the polar component of the
surface energy such that it increases significantly after plasma pre-treatment from 9.2 £ 0.3
mN.m™ to 32.3 + 0.3 mN.m™. The dispersive component decreases slightly before stabilizing

around 15 mN.m™.

According to the experiment plan and surface energy measurements, PMMA samples
presenting the best adhesion to aluminum films are those having the highest surface energy
(the polar component in particular). In the same context, Thurston et al. reported that the
changes in surface energy and the increase in adhesives properties of plasma-treated
polyethylene and polystyrene are primarily due to the chemical surface changes induced by
exposure to the plasma [26]. In a more detailed study, Gururaj et al. stated that air plasma
pre-treatment of PC and PMMA substrates allows to form polar groups such as (C-0), (C=0),
and (C=0)-0 [27].

The interpretation in terms of adhesion is that the likely increase of the amount of polar
functional groups at the PMMA surface leads to more interactions with aluminum atoms.

Therefore, new chemical bonds can be formed at the interface Al/PMMA.
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Table 2. Contact angles and surface energy parameters as a function of the surface pre-treatment

time by an oxygen rich plasma (Oxygen content =70%, P = 50W, Pr=8.10" mbar)

Contact angle Surface energy
Dispersive Total surface
Samples polar component
water (°) Formamide (°) 1 component energy
(mN.m ) 1 1
(mN.m") (mN.m")
Untreated
73.9 (£0.9) 52.0 (+1.2) 9.7 (+0.3) 26.9 (+0.5) 36,6 (+0.8)
PMMA
- 20s 52.5 (+0.5) 47.4 (+1.0) 32.3(+0.1) 14.9 (+0.5) 47,1 (+0.4)
©®
$ < 50s 57.7 (+0.8) 51.9 (+0.6) 28.3 (+0.7) 14.6 (+0.0) 43 (+0.6)
(]
% E 180's 58.5 (+0.9) 52.1(+1.3) 27.3(+0.3) 15.0 (£ 0.5) 42,4 (+0.8)
€
= 300s 57.9 (£0.8) 49.9 (+1.4) 26.4 (£0.1) 16.7 (+0.7) 43 (+0.7)

To go further, we have investigated the chemical modifications induced by cold plasma pre-

treatment and their influence on PMMA’s adhesion properties.
3.4. XPS analyses

The chemical changes of the PMMA surface after plasma pre-treatment and aluminum thin
film deposition were determined by XPS. Figure 5 shows the fitted high-resolution Cls
spectra of untreated PMMA, plasma pre-treated PMMA under good adhesion conditions
(oxygen = 70%, Pw = 50 W, and Pr = 8.10°3 mbar), plasma pre-treated PMMA coated with a
very thin aluminum layer (5 nm approximately) in order to analyze the AI-PMMA interface,
and plasma pre-treated PMMA covered with 100 nm of aluminum. The fitting parameters
are given in table 3. The deconvolution of Cls spectra of untreated PMMA revealed the
contribution of three types of chemical bonding: C-C (284.5 eV), C-O (286.2 eV), and 0=C-O
(288.4 eV) with contribution percentages very close to the theoretical percentages
calculated from the chemical formula of PMMA’s monomer. Significant changes were noted
after the plasma pre-treatment. The C-C and O=C-O peaks decrease in intensity and C-O
peak increases. This can be explained by carbon chain scission allowing the fixation of
additional oxygen [28]. We also note the appearance of a new oxygen-containing bond

located at 287.4 eV, which corresponds to the carbonyl bonds (C=0). A similar result was

14



found by Vesel et al.[6]. They reported that oxygen plasma treatment of PMMA allows
fixation of new carbonyl groups increasing the oxygen amount on the polymer surface.
Aluminum/PMMA interface analysis shows a slight increase in C-C bonds contribution
despite the decrease of the total area of carbon peak by a factor of two. This phenomenon
was not expected. We suspect the measurement of additional carbon coming from the
adsorption of carbonic impurities on the coated sample during its transfer from the PVD
equipment to the XPS machine [29]. This supposition is confirmed by the presence of carbon

contributions on the Cls spectrum of PMMA coated with 100 nm of aluminum (figure 5.d).

Furthermore, we observe the introduction of a new carbon bond at 283.1 eV attributed to
the AI-O-C [30]. Note that AI-O-C bonds were not observed in Cls spectrum of PMMA
covered with 100 nm aluminum layer (figure 5.d). Thus, we assume that these bonds were

formed at the interface AI-PMMA during the aluminum film deposition.

Moreover, the comparison of the spectrum of plasma pre-treated PMMA and 5 nm
aluminum-coated PMMA (figure 5.c) shows a decrease in all oxygen-containing bonds. The
decrease in C-O and 0O=C-O bonds is almost identical (26.4% and 24.4% respectively) but
carbonyls (C=0) bonds decrease is more important (33%). Based on this outcome, we
assume that the decrease in C-O and O=C-O bonds is due to their attenuation by the
presence of aluminum film while the decrease in C=0 bonds is real. Carbonyl bonds would
then be broken to form the new Al-O-C interfacial bonds. This result is in accordance with
the work of Pireaux et al. [31] who reported that during aluminum film deposition onto
polyimide, aluminum atoms interact with carbonyl groups in the polymer to form a C-O-

metal complex.
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Figure 5. C1s XPS spectra of a) untreated PMMA, b) plasma pre-treated PMMA, c) plasma pre-treated

PMMA covered with 5nm of aluminum, and d) PMMA covered with 100 nm of aluminum.

Table 3. Assignment of the XPS Cls spectra components

Theoretical
percentages Experimental percentages
untreated Untreated Plasma pre- Plasma pre-treated and
Chemical bond Binding Energy (eV) PMMA PMMA treated PMMA 5nm Al coated PMMA
(%) (%) (%) (%)
C-C 284.5 [21] 60 61.5 56.3 58.7
c-0 286.0 [21,32] 20 19.5 24.6 18.1
0-C=0 288.4 [21] 20 18 11.9 9
Cc=0 287.5[21,32] - - 7.5 5
Al-0-C 283.1[33,34] - - - 9.2

Surface energy measurements and XPS analysis of PMMA samples pre-treated under good

adhesion conditions allow us to assume that the increase in their surface polarity is due to

the increase in the number of oxygenated functional groups (C=0, C-O) grafted on the

surface during the plasma pre-treatment. The improvement in the adhesion of aluminum

films on samples pre-treated with oxygen-containing cold plasma could be affiliated to the

increase of the surface reactivity of PMMA explained by the increase of its oxygen content
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[34]. Being very electronegative, oxygen of carbonyl bonds is able to attract electrons from

aluminum to form more Al-O-C covalent bonds at the PMMA/Aluminum interface.

Even if it is well known that plasma pre-treatment helps to improve the adhesive properties
of polymers, it remains difficult to reach excellent adhesion between PMMA and plasma
deposited aluminum films. Moreover, the experiment plan showed that adhesion strength
increases significantly for short duration pre-treatment but decreases for long duration.
Hence, it seems that excessive plasma exposure may have a negative effect on PMMA’s
adhesive properties. According to the literature, the adhesion loss can be due to the polymer
surface degradation caused by UV radiations through the photo-chemically induced carbon
chain scission [8,35], a phenomenon that we already observed in our previous XPS study

(table 3).

To explore the effect of UV radiation during the plasma pre-treatment, PMMA samples were
covered with glass and quartz slides. Glass and quartz slides have an absorbance edge at 350
nm and 200 nm respectively. We can, therefore, study surface modification of PMMA as a
function of the plasma UV radiation energy. Figure 6 shows the UV-visible spectra of
microscopic glass and quartz slides used in this study. Moreover, we may notice, that the
PMMA surface is then protected against atomic and ionic bombardment, which may also

have an impact on polymer surface degradation.
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Figure 6. UV-visible spectra of microscopic glass and quartz slides

As in the previous study, PMMA surface modification was investigated by XPS. Figure 7
shows the evolution of the different chemical states of carbon atoms for untreated PMMA,
and PMMA exposed to UV radiation of oxygen-rich plasma generated under good adhesion

conditions.

Firstly, we might underline that the carbonyl groups do not appear which means that these
bonds are not photo-created into the polymer but need oxygenated species from plasma to
be formed. Secondly, we can observe a decrease in C-C bonds concentration as a function of
UV radiation energy. It appears that the C-C bonds are lower for the samples exposed to 200
nm UV radiation (covered with quartz slide) than those exposed to 350 nm UV radiations
(covered with glass slide). It corresponds to a carbon chain scission leading to the formation
of C-O bonds. The evolution of the C-O/C-C ratio is the same whether for samples exposed to
all plasma species of plasma or for samples exposed only to high energy UV radiations (table
4). This result suggests that the scission of C-C bonds to form C-O bonds is a purely photo-
induced phenomenon. Moreover, we assume that the C-O bonds are formed by the oxygen
present in the ambient air before the transfer of samples from the PVD machine to the XPS

equipment.

At the opposite, O=C-O bonds remain stable under UV radiation exposure but decrease in
normal plasma conditions. Hence, The cleavage of 0O=C-O bonds is due to other

phenomenon involving other plasma species (oxygen atoms, ions ...) [36,37].

To link PMMA surface modification by UV radiation to its adhesion properties, the same
samples were coated with aluminum and characterized using the peel test, as shown in
figure 8, the PMMA substrate covered with a quartz slide had a poor adhesion to aluminum
film compared to untreated PMMA and PMMA covered with a glass slide. This result could
be explained by a photo-degradation phenomenon. Indeed, PMMA substrate covered with
qguartz slide is exposed to high energy UV radiations (A>200 nm, E <6.2eV). As observed in
XPS spectra, these radiations lead to a break of C-C and C-H bonds having dissociations
energies of 3.6 eV and 4.3 eV respectively. However, the PMMA sample covered with a glass

slide is exposed to a lower UV radiation flux (A> 340 nm, E< 3.64 eV). The breaking of carbon
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bonds is less important in this case which justifies the slight decrease in C-C contribution of

C1s XPS spectra and relatively unchanged adhesion property.

Carbon bonds scission during plasma exposure can form weakly bonded chains on the top
surface of PMMA. Therefore, during the coating step, a weak interface is formed between

the PMMA and the aluminum film leading to a decrease in the adhesion force.

70 [ ]Untreated PMMA
] Glass slide /PMMA (UV>350 nm)
60 [__]Quartz slide /PMMA (UV>200 nm) |
50
40
[1°]
&
< 30
S~
20
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0
c-C c-0 c=0 0=C-0

Figure 7. Evolution of the proportions of the chemical environments of carbon C1s of untreated

PMMA and PMMA exposed to different wavelength UV radiation of oxygen-rich plasma

Table 4 C-O/C-C ratio (determined by XPS) of untreated PMMA, oxygen-containing plasma-treated
PMMA, and PMMA exposed only to high energy UV radiations

c-0/c-C
Theoretical ratio Untreated Plasma pre-treated PMMA PMMA exposed to
(PMMA) PMMA (oxygen content = 70%, Pw = | UV radiations (2200
50 W, and Pr = 8.10°2 mbar) nm)
0.33 0.32 0.43 0.44
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PMMA exposed to high energy UV =19.9 %

Figure 8. Adhesion test results expressed in terms of the percentage of aluminum remaining after the

peeling

As an outcome, XPS study evidenced that during plasma pre-treatment, two phenomena are
simultaneously present, namely the surface functionalization by the introduction of
oxygenated functional groups, and photo-induced surface degradation by carbon chain

scission.

Polymer surface roughening during plasma pre-treatment is a well-known phenomenon [38—-
40] that may play a role in extreme surface properties. The next study aims to understand
the topographic modifications that undergo the PMMA during plasma pre-treatment and

their effect on the adhesion to aluminum films.
3.5. Effect of surface roughening on aluminum-PMMA adhesion

The surface topography of plasma-treated samples was investigated using atomic force
microscopy (AFM). Figure 9 shows the three-dimensional topography of untreated PMMA,

oxygen-rich plasma pre-treated PMMA under low-power (50 W), and high-power plasma
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(150 W). Root-mean-square (RMS) roughness and the corresponding Aluminum/PMMA

adhesion strengths are reported in table 5.

Root-mean-squared (RMS) roughness of the untreated PMMA was 1.8 nm. The RMS
roughness values of plasma pre-treated PMMA under good adhesion and bad adhesion

conditions were increased to 4.87 nm and 8.81 nm respectively.

Furthermore, we observe a significant increase in adhesion for the slightly roughened
sample. However, the excessive increase of surface roughness does not seem to be
beneficial for adhesion improvement. To understand the cause of the lack of adhesion in this
case, additional chemical analyzes were performed. Cls XPS spectra revealed that the
number of reactive carbonyl groups (C=0) created on PMMA treated under bad adhesion
plasma conditions is too low (C=0/C-C ratio = 0.05) compared to those created in good
adhesion plasma treatment conditions (C=0/C-C ratio = 0.13). It seems that the high-power
plasma is not suitable to the formation of carbonyl groups. We suspect that since carbonyl
groups are created on the top surface of PMMA, they can easily be lost by etching effects

either by direct scission of these bonds or by the loss of carbonyl bearing groups.

[ 59nm
~ 0,0nm

| 6,4nm
0,0 nm

22 nm
L 0,0nm
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Figure 9. AFM images of a) untreated PMMA, b) PMMA treated under good adhesion conditions, and

c) PMMA treated under bad adhesion conditions.

Table 5. Surface roughness of PMMA samples as a function of plasma treatment conditions

Adhesion expressed in c=0/c-C
Plasma treatment RMS roughness .
percentage of aluminum (Calculated from XPS)
conditions (nm) .
remaining on PMMA surface
after peeling

<

=

2

— / 1.80+0.2 6.4 0
3

(5]

o

s

c

=)

<

S Low power plasma (50 W) 487+1.1 52.7 0.13
S
°

2

]

o

=}

g High power plasma (150 W)| 8.81+0.4 13.5 0.05
<

a

From the results described above, we can assume that the increase in surface roughness is

not sufficient to improve the adhesion between PMMA and aluminum films. In order to

confirm this hypothesis, we carried out surface pre-treatments with argon plasma which is

known to modify the surface topography of polymers without altering their chemical

properties. We present in Figure 10 the evolution of surface roughness of PMMA and

Al/PMMA adhesion as a function of the duration of argon plasma pre-treatment (100 W,

1.10"2 mbar).
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Figure 10. Evolution of surface roughness and Al/PMMA adhesion depending on the duration of the

argon su rface pre-treatment.

The surface roughness of PMMA increases from 1.8 nm to 4.5 nm after 5 minutes of pre-
treatment with argon plasma. Increasing plasma treatment time to 15 min involved an
enormous increase in the roughness value up to 68.7 nm. We also note that there is no
correlation between PMMA surface roughness and adhesion such that the percentage of
aluminum after peeling is almost unchanged (around an average value of 7.8 + 3.1%) despite
the increase in roughness. We can therefore assume that the surface roughness does not

have a direct effect on the adhesion between PMMA and aluminum.

To conclude this study, the AI/PMMA adhesion mechanisms may result from the
combination of topographical and chemical modifications of the surface: the roughness
increases the surface area of PMMA exposed to the plasma, which makes it possible to
increase the density of the reactive chemical bonds (C=0) grafted to the extreme surface
and therefore improve adhesion. However, the surface pre-treatment must be optimized to

avoid surface damage by etching effects.
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4. Conclusions

Metallic aluminum was successfully deposited on Polymethylmethacrylate (PMMA)
substrates using magnetron sputtering. Before the deposition step, in situ pulsed DC plasma
pre-treatment was performed. The plasma pre-treatment parametric study showed that
oxygen-rich plasma pre-treatment improves the adhesive properties of PMMA. The
correlation between contact angle measurements and XPS analysis evidenced that plasma
pre-treatment increases surface wettability by the introduction of polar functional groups
(C=0, C-0). During the aluminum film deposition, the reaction between carbonyl bonds and
aluminum atoms allows the formation of Al-O-C covalent bonds which could explain the
adhesion increase. XPS investigations revealed that the functional groups grafting is
accompanied by photo-induced carbon chain scission by high energy UV photons from
plasma. This phenomenon can be at the origin of the lack of adhesion. Indeed, polymer
degradation by carbon chain scissions creates a weak interface between Al and PMMA
during the film deposition. Finally, the correlation between XPS and AFM analysis showed
that the adhesion mechanisms result from the combination of topographic and chemical
modifications such as an optimized surface roughening leads to an increase in the specific
surface of PMMA and consequently the amount of plasma-grafted carbonyl groups (C=0)

which are essential for adhesion enhancement.

For the next studies, electron Spin Resonance (ESR) analyses are foreseen. This technique is
suitable for the study of free radicals and dangling bonds and can be useful to understand
more about PMMA surface degradation during plasma exposure. Furthermore, the optical
emission spectroscopy (SOE) technique will be performed to explore the role of reactive
plasma species (radicals, ions, atoms ...) concerning the modification of surface of PMMA

and therefore on its adhesive properties.
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