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Abstract

In this study, thin films of poly(cyclohexyl methacrylate) (PCHMA) were deposited on
silicon wafer using PECVD technique, in which the plasma power is inductively coupled
through a quartz window using a planar-coil antenna, which was placed outside of the
vacuum chamber. PCHMA is a desired sacrificial polymer for many applications because
of its hydrophobicity and clean decomposition properties upon thermal annealing. During
PECVD of PCHMA, the effects of plasma power and substrate temperature on the depo-
sition rates and structural properties of as-deposited films were investigated. The highest
deposition rate (46.5 nm/min) was observed at a low substrate temperature (15 °C) and
at a high applied plasma power (30 W). FTIR and XPS analyses of the deposited films
confirmed that the percentage of retained functional groups was increased if the intensity
of applied plasma power was lowered. As-deposited PCHMA was found to decompose
cleanly upon thermal annealing. The onset of thermal decomposition was 89 °C for the
film deposited at 5 W applied plasma power.
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Introduction

Thin films of functional polymers can be utilized for many practical applications, such
as barrier layers, packaging, optical coatings, surface energy control, and so on [1, 2].
They offer the advantage of imparting special functions to a materials surface, while
keeping the bulk of the material intact. In many cases, such functional coatings are used
as the main building blocks of the final product, which necessitates the enhanced struc-
tural properties such as strength, ageing resistance, and adherence. However, for some
applications, they are used as sacrificial materials, that can be deliberately removed in a
controlled fashion by applying an external stimuli such as heat or light exposure [3, 4].
Such sacrificial materials are used widely in the production of microelectromechanical
systems, which are utilized in a diversity of applications across multiple markets includ-
ing automotive, electronics, medical, communication, etc. [5—7]. Conventional methods
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of removing the sacrificial layers require the use of solutions or etchants. Recently, heat-
decomposing sacrificial materials have been proposed as an alternative to conventional
ones [8, 9]. Thermally degradable sacrificial polymers have been used in fabrication of
porous materials, void structures, microfluidic channels and electronics [10, 11]. For
all of such applications, formation of an air gap below a structural material, which is
usually a thin layer of a polymer or a metal, requires the deposition and patterning of a
sacrificial layer first, and then the deposition of structural layer at the top next [12-14].
The sacrificial layer is used as a template, which should be removed completely, most
often by decomposition, without leaving significant char behind. The deposition of heat-
sensitive polymeric sacrificial thin films has been investigated in literature by a number
of researchers due to the convenient mechanical properties of such films, their clean
decomposition and ease of deposition [15]. Although wet coating techniques can be
used to fabricate thermally degradable coatings, chemical vapor deposition (CVD) as
a dry alternative has also been used to deposit sacrificial polymers [12, 16, 17]. Among
various CVD strategies, plasma enhanced CVD (PECVD) offers the advantages of coat-
ing many different polymeric materials in one-step and at low temperatures [18, 19]. In
literature, there have been various studies on thermal degradation of plasma polymers,
in which thermal properties were studied most often using thermogravometric analysis
experiments [20, 21]. Many organosilicon and fluoro polymers deposited from PECVD
showed different thermal degradation properties depending on their structural proper-
ties. The retention of the chemical functional groups present in the starting monomer is
the one of the most important requirements during the deposition of plasma polymers.
To obtain a thermally degradable sacrificial film, such chemical functionalities should
be preserved to enable targeted decomposition reactions. In PECVD, pulsing the dis-
charge and applying low plasma power are common ways to deposit structurally well-
defined plasma polymers [22].

This paper reports the deposition of poly(cyclohexyl methacrylate) (PCHMA) thin films
from the CHMA monomer using the PECVD technique. PCHMA is a special polymer
from the family of acrylates, which tend to depolymerize thermally into residual polymer
and monomers, sometimes oligomers. The tendency to depolymerize in such a way is char-
acterized by zip-length [23]. PCHMA is a desired sacrificial polymer for many applications
because of its hydrophobicity and clean decomposition properties [12, 24, 25].

The depositions were carried out using an inductively coupled PECVD system,
which allowed in situ thickness monitoring with laser interferometry during the deposi-
tions. In this way, the effects of important parameters such as substrate temperature and
plasma power on deposition rates were able to be examined in real time. Additionally,
thermal degradation behavior of the plasma polymerized PCHMA has been studied.

Experimental

Materials

The monomer cyclohexyl methacrylate (97%) (CHMA) was purchased from Sigma-
Aldrich, and it was used as-received without further purification. The chemical structure

of CHMA is given in Fig. 1a. Films were deposited onto 500 pm thick, single-side pol-
ished silicon wafers (100, p-type).
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Fig. 1 a Structure of CHMA monomer, b Schematic representation of PECVD system

PECVD of Poly(Cyclohexyl Methacrylate) Thin Films

Plasma depositions were carried out in a custom-built vacuum chamber (Fig. 1b) that
was cylindrical in shape with a 15 cm total height, 16 cm outside diameter. The reactor
body was stainless steel, and the lid was 2 cm-thick quartz plate. Besides being used
as a support for the planar-coil copper antenna, the quartz lid allowed sample intro-
duction, visual inspection of plasma, and thickness monitoring via laser interferometry.
The antenna was connected to a 13.56 MHz radio frequency (RF) plasma generator.
An LC matching circuit was placed between the coil and the generator for impedance
matching. The bottom part of the chamber contains a heat exchanger stage, on which
substrates are placed. Cooling water from an external chiller was supplied to the stage to
maintain the desired substrates temperatures through thermal contact. The pressure was
measured and controlled by a capacitance type vacuum gauge (MKS, Baratron) and a
PID-controlled butterfly valve (MKS, 253). The butterfly valve was placed between the
chamber and vacuum pump (Edwards RV-28) to allow for downstream pressure control.
For downstream pressure control, the conductance of vapors travelling from the vacuum
chamber to the pump is controlled by the butterfly valve, which receives open or close
signals from the PID pressure controller depending on the pressure set value.

CHMA was vaporized in a glass jar and its vapor was delivered to the reactor through
a needle valve. Film thicknesses during the depositions were monitored by laser inter-
ferometry for which the reflectance of a laser beam (633 nm HeNe laser, JDS Uniphase)
off the silicon substrate was measured. The effects of plasma power and substrate tem-
perature on the film structure and on the film deposition rates were investigated. The
deposition conditions applied in this study is shown in Table 1.

@ Springer



360 Plasma Chemistry and Plasma Processing (2020) 40:357-369

Table 1 Experimental conditions

for PECVD PCHMA Parameter Value
Reactor pressure (Pa) 26.7
CHMA flowrate (sccm) 0.65
Plasma power (W) 5-30
Substrate temperature (°C) 15-50
Characterizations

Fourier transform infrared spectroscopy (FTIR, Bruker Vertex 70) and X-ray photoelectron
spectroscopy (XPS, Specs) were used to investigate chemical structure of the as-depos-
ited films. FTIR spectra were obtained using a variable angle reflection accessory (Bruker
A513) at 80° angle of incidence and p-polarization over a spectral range of 8004000 cm™!
at 4 cm™! resolution. XPS analysis was performed with a monochromatized Al source.
During XPS analysis Ar ion sputtering was not performed for depth profiling in order to
prevent damaging the structure of the as-deposited film. The accuracies of the in situ thick-
ness measurements made by the laser interferometry checked ex situ by a profilometer
(AES Nano 500).

In order to investigate the thermal decomposition behavior of PCHMA films deposited
on silicon wafers, substrates were placed on a temperature-controlled hot plate (Ika). The
changes in film thicknesses at different temperatures were measured real-time using a thin
film reflectometer (Avantes). The percent loss in thickness due to thermal decomposition
were calculated using the following equation:

t, —t
% Loss = Ot f

o

where t, and t; are the initial and final film thicknesses, respectively.

Results and Discussions
Deposition Rates

No film deposition was detected at plasma powers below 5 W. It was not possible to sustain
a continuous glow at low plasma powers (<5 W) under a deposition pressure of 26.7 Pa,
the selection of which was not straightforward. The monomer molecules were desired to be
adsorbed physically on the substrate surface, to promote a surface-driven mechanism for
polymer growth. A similar kind of a deposition mechanism has been observed for initiated
chemical vapor deposition (iICVD) technique, in which heat energy supplied from a heated
filament array is used to dissociate the initiator molecule [26]. Such fragmented initiator
molecules in the vapor phase diffuse through the boundary layer to reach the substrate sur-
face, where they react with the adsorbed molecules.

In this study, it is hypothesized that the deposition mechanism is similar to that of
iCVD, for which polymerization reactions starts after the formation of primary radicals
originating from thermal dissociation of initiator molecules. In PECVD, on the other

@ Springer



Plasma Chemistry and Plasma Processing (2020) 40:357-369 361

hand, such reactive species originate after the plasma ignition of the monomer vapors.
The generated reactive species in plasma discharge then react with the adsorbed mono-
mer molecules at the cooled substrate surface. In order adsorb the monomer molecules
physically on the substrate surface, the substrate must be cooled down to tempera-
tures close the saturation vapor pressure (SVP) of the monomer. SVP of monomer at
the selected substrate temperatures should be higher than the partial pressure of mono-
mer inside the PECVD chamber in order to prevent monomer condensation. The SVP
range for the substrate temperatures applied in this study (15-50 °C) was between 220
and 650 mtorr. Hence, 200 mtorr is suitably lower than the minimum SVP, to prevent
monomer condensation and promote the physical adsorption. Figure 2 shows the effect
of selected independent parameters, namely substrate temperature and plasma power,
on the deposition rates. It can be clearly seen that the deposition rate increases with
decreasing substrate temperature. The maximum deposition rate (46.45 nm/min) was
observed at the lowest substrate temperature used (15 °C). This observation supports
the hypothesis of an adsorption-limited deposition, in which the slowest step in the
mechanism is the rate of adsorption of monomer on the substrate surface, which is high
at low substrate temperatures [19, 26]. In that type of a mechanism, active gas-phase
radicals formed in the plasma discharge diffuse towards the substrate surface, where
they react with the adsorbed monomer molecules [27]. As can be seen from Fig. 2, the
deposition rate increases with increasing applied plasma power. Increasing the applied
plasma power (W) while keeping the mass flowrate (FM) constant, increases the energy
input per mass of monomer gas [28, 29], hence creating more radicals which initiate the
polymerization reactions at the surface. The use of composite energy parameter W/FM,
which was first defined by Yasuda [30], is common in plasma polymerization literature
to describe the energy input for plasma polymerization behavior. Hence it can be stated
that the technique used in this study follows the similar kinetic behavior of an initi-
ated surface polymerization, which does not necessitate the usage of external initiator
molecules.
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Fig.3 FTIR spectra of a PCHMA film synthesized from PECVD at 20 W, b at 5 W, ¢ CHMA Monomer

Film Structure and Uniformity

Figure 3 shows the FTIR spectra of PCHMA films synthesized from PECVD at different
applied plasma powers, compared with the spectrum of CHMA monomer. The PECVD
films were grown at a substrate temperature of 25 °C. All FTIR spectra were thickness-
normalized and baseline-corrected. The FTIR peaks in the PCHMA films deposited
from PECVD are narrow and sharp, demonstrating the specific chemical bonds that are
present in structurally well-defined methacrylic polymer: CH, symmetric and asym-
metric cyclohexyl vibrations at 2942 and 2863 cm™!, respectively; C=0 stretching band
at 1728 ecm™!; C-H bending at 1550-1450 cm™!; 0=C-0 stretching between 1350 and
1269 cm™! [12, 31]. For a clean and complete decomposition after heat treatment, the
cyclohexyl and methacrylate functionalities must be retained.

The intensities of C—H vibrations and C=O0 stretching are high, indicating the high reten-
tion of pendant cyclohexyl and carboxyl groups, which shows that the PECVD technique
used in this study is able to retain the structure. PCHMA film deposited at 5 W plasma
power has slightly more intense C—H vibration peak (see inset in Fig. 3), indicating that the
preservation of pendant cyclohexyl functionality is better at low plasma powers. The peaks
related with C=C bond at wavenumbers of 923 and 1630 cm™! are only observed in the
spectrum of monomer, indicating that polymerization proceed through C=C bond.

Surface chemical structure and composition of as-deposited PCHMA films were also
investigated by XPS. Figure 4 shows the survey and high resolution Cls scans for PCHMA
films deposited at a substrate temperature of 25 °C and plasma power of 5 W. According
to the XPS survey spectra, only carbon and oxygen atoms were observed, as expected from
the elemental composition of PCHMA. Table 2 shows the atomic concentration percent-
ages calculated from the survey scan in comparison with the theoretical percentages calcu-
lated from the chemical composition of CHMA monomer. The strong agreement between
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Fig.4 Survey (a) and high-resolution C 1s (b) XPS scans of the PCHMA film deposited from PECVD
(substrate temperature =25 °C, plasma power=>5 W)

Table 2 Atomic percentages

Thy ical i E i -
from XPS survey scan coretical atomic (%) t a)lqe)::cr)lmmiin
(%)
Carbon 83.33 85.12
Oxygen 16.67 14.82
Table 3 High-resolution C s peak fit results for PCHMA
Theoretical Experimental
Binding energy Area (%) Binding energy Area (%)
(eV) V)
1. -C*H;, -C-C*H,—C- 285.0 70.0 284.7 71.4
2. —-C*(CH;)-CO- 285.7 10.0 285.4 10.8
3. -CH,—~C*H-O- 286.6 10.0 286.3 9.1
4.-0-C*=0 288.9 10.0 288.7 8.7

the experimentally obtained and the theoretical percentages confirms the structural reten-
tion. The high resolution Cls spectrum, which is given in Fig. 4b, can be fitted with four
peaks expected from chain growth polymerization of CHMA (Table 3). Again, the struc-
tural retention of functional groups in PCHMA deposited from PECVD was verified con-
sidering the agreement of the binding energies of PECVD films with the reference values
[8, 32]. The relative peak intensities were observed to be slightly different than those of
which would be expected from linear PCHMA, which could be attributed to the inherent
cross-linking of as-deposited films during PECVD.

Figure 5 shows the atomic force micrographs (AFM) of PCHMA films deposited at two
different plasma powers in comparison with the bare Si wafer. The surfaces appear to be
very smooth with root-mean-square roughness values of 0.26 nm and 0.36 nm, for the films
deposited at plasma powers of 5 W and 20 W, respectively. Low roughness of thin polymer
films is often reported for amorphous organic films. [33] Indeed, the lack of coarse film
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Fig.5 AFM images of PCHMA films deposited at a 5 W, b 20 W applied plasma powers, ¢ bare Si wafer
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morphology, which is mostly originated from gas-phase reactions, implies again a surface
kinetics controlled deposition mechanism [27].

In order to evaluate the film uniformity, a 500 nm-thick PCHMA film was deposited on
a whole 4 in. diameter silicon wafer. Then, film thicknesses at five different locations, one
at the center and remaining at the four opposite edges, were measured using profilometer.
The measured film thicknesses, which are given in Table 4, were used in the following
equation to assess the non-uniformity of the as-deposited film. Film having a thickness
of 472 nm at the center showed a non-uniformity value of 7.76. This low non-uniformity
value can be attributed to the uniform coating ability of the inductively coupled planar sys-
tem used in this study.

Maximum thickness — Minimum thickness
Maximum thickness + Minimum thickness

% Non-uniformity =

(D

Thermal Stability of PCHMA in Air

The thermal stability of PCHMA deposited by PECVD at different applied plasma powers
was examined by annealing the films at ambient air. In the first set of experiments, films
were annealed at temperatures between 50 and 300 °C, with 50 °C increments on each run.
For each run, annealing time was 1 h. The substrates were placed directly on top of a hot
plate, which was heated previously to the desired annealing temperature. Figure 6 shows
the removal percentages of films as a function of annealing temperature. It can be seen that
at temperatures below 250 °C, measured film removal percentages are higher for the films
deposited at higher plasma powers. The onset of thermal decomposition was 78 and 89 °C,
for the films deposited at high and low plasma powers, respectively. In literature, the onset
of thermal decomposition value for conventional free-radical synthesized PCHMA, which
contains no low molecular weight fraction, was reported to be 200 °C, with around 50%
residue at 300 °C for 50 min annealing duration [24, 34]. At such elevated temperatures,
the thermal decomposition of conventional PCHMA is expected to proceed via both main
and side chain de-polymerization [35, 36]. The plasma polymers, however, are expected
to be structurally different than the conventional polymers. The low thermal stabilities
of plasma polymers are generally attributed to the evaporation of low molecular weight
content of the as-deposited film. The extensive fragmentation of monomers due to high
energy inputs yields condensable products in the gas phase, which may readily adsorb on
the cooled substrate surface. The broad temperature range, in which plasma-polymerized
PCHMA degrades, is most probably due to the heterogeneous composition of deposited
PCHMA [31, 37]. It is clear from Fig. 6 that PCHMA deposited under low plasma power
has higher thermal stability than its high-power counterpart. The higher thermal resistance

Table 4 PCHMA film thickness

at five different locations Location E;ls? (trt:[l:l:;(_
Center 472
Edge 1 414
Edge 2 474
Edge 3 406
Edge 4 447
Average 443
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Fig.6 Effect of annealing temperature a and time b on percent removal of PCHMA deposited from
PECVD at different plasma powers (250 °C annealing temperature)

of films deposited at low plasma power can be attributed to higher retention monomer func-
tionality. At high plasma power, the growing film is exposed to more intense UV radiation
and ion bombardment, which can lead to creation of radical sites via functional group loss
[8, 38, 39]. The polymer chain mobility is also increased resulting in extensive crosslinking
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through the created radical sites. At temperatures above 250 °C, both high and low power
deposited films show the same thermal degradation behavior. At such high temperatures,
the weight loss can be attributed to bond scission along the polymeric chain. The films
deposited at high plasma power degraded faster than the films deposited at low plasma
power (Fig. 6b). More than 80% of the as-deposited PCHMA is removed within 40 min of
heat treatment. Beyond 40 min, no significant change in the film thickness was observed at
250 °C annealing temperature. However, at an annealing temperature of 300 °C, the films
were completely removed and the annealed sample surfaces were visually indistinguishable
from pristine silicon surface. At this temperature, the decomposition of PCHMA under
ambient atmosphere is clean, leaving no noticeable residue.

Conclusion

Plasma polymerization of PCHMA can be achieved using an inductively coupled planar
PECVD system with high retention of carbonyl and pendant cyclohexyl groups as evi-
denced by FTIR and XPS. The deposition rates are inversely proportional with substrate
temperature but directly proportional with plasma energy input. The planar system used in
this study allows fairly uniform, smooth and pinhole-free coatings due to the surface-driven
deposition mechanism at low substrate temperatures. PCHMA deposited under low plasma
power has higher thermal stability than its high-power counterpart. The higher thermal sta-
bility of films deposited at low plasma power can be attributed to higher retention monomer
functionality. The key advantages of plasma-polymerized PCHMA developed in this study
are that the decomposition starts at low temperatures and that at an annealing temperature
of 300 °C the thermal decomposition of PCHMA is clean, leaving no noticeable char. As
a result, we anticipate that this type of a sacrificial plasma polymer may find applications
in MEMS technologies and in fabrication of a variety of electrical and mechanical devices.
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