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Abstract: The extensive application of biodegradable polymers in the food packaging industries
was partially limited due to poor barrier performances. In the present work, we investigated the
improvement of oxygen barrier performances by means of the deposition of a few nanometres of
SiOx coatings on Poly(butylene succinate) (PBS) films. The coated samples produced by the plasma-
enhanced chemical vapor deposition technique were tested in terms of morphology and composition
of the surface and barrier properties. Barrier performances studied as a function of SiOx thickness
were greatly improved and a reduction of at least 99% was achieved for oxygen transmission rate. In
order to reduce the formation of residual stress between PBS substrate and SiOx coatings, a proper
buffer layer (silicon organic SiOxCyHz) was used.

Keywords: biodegradable polyesters; plasma deposition; barrier properties; buffer layer

1. Introduction

In a wide variety of packaging applications, polymers exhibit a few drawbacks be-
sides their beneficial properties, such as, e.g., low weight, flexibility, and cost-efficiency.
The principal disadvantage is the limited barrier performance regarding gas and vapour
permeability. Different methods are used to improve the barrier performance of polymers;
for instance, multilayer structures of polymers are used, or additives are inserted to act as
scavengers for permeating gases by their chemical activity. However, the main drawback
of these methods is recyclability. For this reason, in recent decades, the deposition of
thin inorganic films received strong interest for gas permeation barrier applications [1–5].
As regards biodegradable polymers, the problems related to the barrier performance are
quite similar [6], in fact, despite many efforts to promote the application of biodegradable
polymers in packaging, there are few bio-based polymers in the food-packaging market
due to their poor barrier performance. This situation is pushing many academic researchers
into studies seeking ways to improve the oxygen/water vapour barrier performance. In
the following experimental activity, we present a significantly enhanced barrier property
against oxygen for a given biodegradable polymer by coating it with a thin SiOx layer
produced by plasma-enhanced chemical vapor deposition (PECVD). PECVD is a hybrid
CVD process used to grow thin films, where plasma energy, rather than only thermal
energy, induces the reactions between excited species and the specimen in low-pressure
conditions [7]. The PECVD technique has been used to produce gas-diffusion barriers
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on polymers [8,9]. In PECVD different precursors can be used for deposition processes.
For SiOx coatings, organosilane precursors, such as tetramethylsilane, tetraethoxysilane,
and hexamethyldisiloxane, have been used as deposition monomers because they are non-
toxic and non-explosive [10–12]. Modifying the oxygen-to-monomer ratio is the method
of adjusting the C and H amounts in SiOx coatings deposited by PECVD, starting with
organosilane monomers. With appropriate conditions of power and pressure, and for
O2/monomer ratio higher than 10, in general, the coatings should have low C and H
contents with superior barrier properties [13]. An oxygen-transmission rate of the order of
a few cc/m2/24 h was reported for 250 nm thick SiOx depositions on polymers [14,15]. It is
worth mentioning that because of a low thickness of films the recyclability of the polymeric
material is not affected [16,17]; however, these results are only partly comparable with the
results of this paper because the specimen used is biodegradable. The biodegradable poly-
mer chosen for this research activity was polybutylene succinate (PBS), which is a material
that due to its characteristics can be used for general food-packaging applications [18].
PBS is synthesized via the polycondensation of 1,4-butanediol with succinic acid. It has
excellent melt processability, as well as thermal and mechanical properties similar to those
of conventional polyolefins, such as polyethylene and polypropylene; consequently, PBS
has significant potential to be used as an alternative to petroleum-based plastics. For this
purpose, multilayers of SiOx barrier coatings have been deposited on PBS foil samples.
Most SiOx barrier coatings on polymers referred to in scientific literature use a mono-layer
deposit [19,20]. Although the results of these papers show superior barrier performance,
the practical application of these processes for industrial scale leads to poor barrier per-
formance. This effect is mainly due to the growth of a non-flexible coating with residual
stress [21]. Several methods, such as rf-substrate biasing [22] and substrate heating [23],
have been proposed to reduce the intrinsic stress of coatings. In our previous work [24], we
demonstrated that, in general, a multi-layered structure with a coating at low density at
the interface of the substrate and a denser coating at the top reduces intrinsic stress. Using
this principle, we have produced an organic/inorganic bi-layered barrier structure with no
residual stress and optimal barrier performance. The bi-layered structure consists of a first
organic layer (buffer) that aims to improve the flexibility and a second inorganic layer that
provides the barrier functionality.

2. Materials and Methods
2.1. Chemicals

Oxygen (99.998% purity) and Argon (99.999% purity) gases used in the plasma pro-
cesses were from Rivoira Gas Srl, Milan, Italy. Hexamethyldisiloxane (HMDSO, Sigma–
Aldrich > 99.8%) was used as the monomer source.

2.2. Plasma-Deposition System

Barrier films were deposited onto cleaned silicon and PBS substrates using a home-
made planar-type capacitively coupled radio frequency (13.56 MHz) discharge PECVD
system [25,26]. The 600 W rf generator operates in steady state. The powered electrode was
of diameter 20 cm, the grounded electrode of diameter 25 cm, and the metallic chamber
also was grounded. The specimens were positioned on a grounded sample holder. The
gap between the electrodes was 8 cm. The pumping system consisted of a turbo molecular
pump and a backing rotary pump. A vaporized source from liquid HMDSO was utilized
as precursor of the deposition of organic/inorganic bi-layered barrier films, and it was
mixed with the reactant gases of oxygen and argon. The HMDSO total gas-flow rate was
kept constant using a thermostabilized mass flow controller. The coatings manufactured
by HMDSO are transparent, which is conducive to most food applications. The ratio
between monomer and gas was deduced from the ratio of gas fluxes. Regarding the process
pressure, since the plasma polymerisation under some particular experimental conditions
often leads to powder formation [27,28] in plasma phase (which makes the deposition
process inefficient) due to different physical–chemical mechanisms, for all depositions a
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working pressure was optimized in order to avoid powder formation. Another aspect
related to the process pressure is the SiOH bounds formation, which is known to have a
high negative influence on permeation behaviour [12,29]. The FTIR analysis of the coatings
deposited under different process pressures showed only slight differences of intensity of
the main peaks; on the contrary, a significant increase in SiOH bounds in the deposited
layers was observed. Similar results were reported by M. Deilmann et al. [30]. In light
of the above on the pressure, in both deposition processes (organic/inorganic coating
deposition), a maximum optimal pressure was found and fixed at 1 Pa for organic and 3 Pa
for inorganic coating deposition. At this pressure, the input power density was controlled
in order to minimize intrinsic stress and excessive heating during the coatings growth,
which resulted in the detachment of the films. The silicon organic (SiOxCyHz) coating
(denoted as organic coating from now on) was deposited only using Ar in a 3:1 ratio with
the monomer and with an input power density (=rf power/power electrode area) fixed at
0.3 W/cm2 (self DC bias voltage VDC induced by the radio frequency ∼= 500 V). For silicon
oxide (SiOx) inorganic coating (denoted as inorganic coating from now on) deposition, the
oxygen-to-HMDSO ratio was fixed at 17, with an input power density at 0.6 W/cm2 (VDC
∼= 600 V). In order to evaluate the thermal load caused by the plasma process, the specimen
temperature was monitored by a thermocouple (K type) fixed close to (0.01 m) the sample
itself. In all deposition experiments, the temperature recorded was lower than 320 K.

2.3. Coating Characterisation

High-resolution scanning electron microscope (Hi-res SEM, Tescan mod. MIRA III)
imaging was used to evaluate the morphology of films, both at the surface and in the cross-
section. For accurate SEM imaging, samples were metallized by depositing an ultra-thin
layer of gold (about 8 nm) by sputtering, in order to provide an electrical discharge path.
High-resolution SEM images at the surface were taken at 30 keV of electron beam energies
and 10 keV was used for cross-section images, while optimising for beam current and
pixel dwell time to avoid film damage while maximising the contrast. Film thickness was
measured using a surface profile instrument (P15 HLA Tencor) after averaging at least
10 measurements and was confirmed by cross-sectional investigations using field emission
scanning electron microscopy observations. The topography and surface roughness of
coatings were measured by atomic force microscopy in tapping mode (AFM, NanoSurf
CoreAFM). Fourier transform infrared (FT-IR) spectra (Spectrum Two PerkinElmer) was
used to analyse the Si(–O) and Si(–CH) contents in the coatings. An ATR accessory (single-
reflection diamond crystal) was used for PBS foils. Measurements were taken in the
650–4000 cm−1 range, and five scans were averaged. Spectra were treated with Spectrum
10™ software for automatic baseline correction. Organic/inorganic bi-layered barrier
coatings, about 250 nm thick, were formed on Si wafer, and their elemental compositions
were estimated through Energy Dispersive X-Ray (EDX) analyses realised at three points of
the coating, in a high-resolution SEM Hitachi SU70 instrument equipped with the NORAN
7 system by Thermo Scientific. The electron beam was accelerated by a potential difference
of 5 kV in order to reduce the volume of interaction and to appreciate the composition of
the coatings only.

Permeability to O2 was measured with a high-vacuum experimental setup reported
in reference [31]. The device measures gas permeability with a manometric technique by
means of a mass spectrometer. Oxygen transmission rates (OTRs) of pristine and coated
PBS were performed at 25 ◦C and 50% relative humidity. Although in the presence of a
sample with very low permeability, the procedure can require some hours to obtain results,
and special care was taken to avoid artefacts due to polymer aging or plasticisation during
measurements, ensuring correct OTR.
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2.4. Materials

Coatings were deposited on 20 µm thick PBS foils (BioPBS™ FZ91PM/FZ91PB,
Bangkok, Thailand) and silicon substrates (Si, p-type (100), 1 cm × 1 cm, thickness
400 micron). The oxygen transmission rate (OTR) reference of PBS foil without coating
accounted for 500 ± 20 cm3/m2/day. The PBS foils were cut to rectangular pieces of about
5 cm × 5 cm for measurements. Before plasma treatments, the PBS foils were cleaned by
filtered air for 1 min at room temperature. All samples were stored at room temperature
and 40% relative humidity. Si was used in FT-IR, SEM, and EDX measurements. Regarding
the coatings thickness, a part of the Si substrate was covered with an adhesive tape, which
was carefully removed after performing plasma experiments. The step formed between the
uncovered and covered parts of a substrate was then probed by a profilometer to estimate
the thickness of the deposited film.

3. Results and Discussion
3.1. Characterisation of Coatings

In this study, a transparent organic/inorganic bi-layered film deposited from the
same precursor, with or without an admixture of oxygen to the plasma process, was
optimised as indicated in Section 2.1. The organic coating, deposited directly onto the
polymer, acted as a buffer layer due to the Si–O–C or Si–C groups formed in the coating
(see IR analysis), which provided good adhesion between the inorganic top layer and
polymeric substrate based on the strong interfacial chemical bonding [8]. Figure 1 shows
an example of baseline-corrected IR transmittance of an organic coating (about 100 nm
thick, deposition rate = 70 nm/min), which presented high C and H contents due to the
incomplete dissociation of the precursor. The IR spectrum showed significant absorption
bands from 650 cm−1 to 1300 cm−1 which are connected with SiOx:H, Si−O−C, and
Si−O−Si vibrations [32–35]. In particular, the Si-H stretching and bending absorptions in
the SiOx:H groups appear over the 2000–2300 cm−1 and 650–900 cm−1 range, respectively.
Regarding the Si–O–Si group, the asymmetric stretching and bending modes were identified
at around 1200 and 800 cm−1, respectively. The adsorption bands at 2970 and 1260 cm−1,
relative to the stretching of CH3 and the bending modes of methyl groups in Si-(CH3)x,
marked the presence of organic components in the film. Medium absorptions at around
840 cm−1 can probably be related to CH3 rocking in Si-CH3. As expected, signals related to
organic components disappeared (Figure 2a) in the inorganic coating (about 100 nm thick,
deposition rate = 30 nm/min) due to the strong dissociation and reaction of the precursor
with the oxygen. In fact, only the characteristic absorption bands of the Si–O–Si group
were evident. Regarding the Si–O–Si band in the 1200–950 cm−1 region, it consisted of
overlapping peaks from the distribution of local bond types and bond angles that existed in
the microstructure (Figure 2b). In the literature, the Si–O–Si band is mainly deconvoluted
into three peaks at around 1180–1050, 1090–1070, and 1050–1030 cm−1. The peak in the
range 1180–1050 cm−1 could be attributed to Si–O–Si bonds in a cage structure with a bond
angle of approximately 150◦ [36–38], and the peak in the range 1090–1070 cm−1 could be
assigned to the stretching of smaller-angle Si–O–Si bonds in a network structure, and the
peak in the range 1050–1030 cm−1 could be assigned to stretching of even smaller Si–O–Si
bond angles, connected to silicon suboxides [39]. However, the analyses of coatings showed
that the best deconvolution was in four peaks. Apart from the three characteristic Si–O–Si
peaks, the presence of an additional peak (red) was also visible in the 1200–1230 cm−1

region which could be associated with a stretching vibration of Si–O–Si in a large void [40].
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Figure 1. FTIR spectrum obtained for the 100 nm of organic coating deposited on silicon at 100 W, 
Ar/HMDSO ratio 3:1 and 1 Pa. 

 
Figure 2. FTIR spectrum obtained for 100 nm of inorganic coating deposited on silicon at 200 W, 
O2/HMDSO ratio 17:1 and 3 Pa (a) curve-fitting to deconvolve the Si–O–Si stretching region (b). 

In Figure 3, the high-resolution SEM images of organic/inorganic bi-layered films 
formed on Si are presented. In order to better appreciate the structure of coatings, Figure 
3a shows a thick bi-layer coating (∼250 nm). It can be observed from the micrograph in 
Figure 3a that both the organic and inorganic coatings show a uniform and compact 
structure. From the morphological point of view, organic/inorganic films look quite sim-
ilar, though they are chemically different (as shown in IR analysis). A smooth and fea-
tureless surface is shown in Figure 3b, except for the structure of the gold overlayer. 
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In Figure 3, the high-resolution SEM images of organic/inorganic bi-layered films
formed on Si are presented. In order to better appreciate the structure of coatings, Figure 3a
shows a thick bi-layer coating (~250 nm). It can be observed from the micrograph in
Figure 3a that both the organic and inorganic coatings show a uniform and compact
structure. From the morphological point of view, organic/inorganic films look quite similar,
though they are chemically different (as shown in IR analysis). A smooth and featureless
surface is shown in Figure 3b, except for the structure of the gold overlayer.
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Figure 3. SEM cross-section of organic and inorganic layers on silicon (a) and top view of the de-
posit (b). 

When assessing the quality of the coating, the surface topography of the bare poly-
mer should be first analysed in order to determine if any defects depend on the under-
lying material. Figure 4 shows the AFM image of the uncoated PBS foil (a) and PBS 
coated by plasma with the optimized organic/inorganic bi-layer barrier coating (b). It 
seems clear that a homogeneous thin coating follows the morphology of the underlying 
structure. This finding is also supported by surface roughness measurements that in both 
samples reveal a mean roughness (Ra) of approximately 30 nm. 

 
Figure 4. AFM images of (a) untreated PBS, (b) PBS coated with a SiOxCyHz (25 nm thickness) + SiOx 

(25 nm thickness)). 

EDS peaks (Figure 5) confirm FT-IR analyses. According to the weight fractions of 
the elements, C, Si, and O can be considered to be major elements present in the organic 
film, while for the inorganic film only Si and O were detected. Furthermore, considering 
the chemical structure of conventional polydimethylsiloxane, and disregarding H that is 
not detected by EDS, structures containing 50% C, 25% O, and 25% Si might be expected, 
while the organic film formed contains 28% C, 36% O, and 36% Si (Figure 5a). This result 
of elemental composition can be understood considering that the process that converts 
the HMDSO monomer into plasma polymer is dominated by radical processes yielding 
mainly amorphous and more or less cross-linked structures; therefore, the monomer does 

Figure 3. SEM cross-section of organic and inorganic layers on silicon (a) and top view of the
deposit (b).

When assessing the quality of the coating, the surface topography of the bare polymer
should be first analysed in order to determine if any defects depend on the underlying
material. Figure 4 shows the AFM image of the uncoated PBS foil (a) and PBS coated by
plasma with the optimized organic/inorganic bi-layer barrier coating (b). It seems clear
that a homogeneous thin coating follows the morphology of the underlying structure. This
finding is also supported by surface roughness measurements that in both samples reveal a
mean roughness (Ra) of approximately 30 nm.
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Figure 4. AFM images of (a) untreated PBS, (b) PBS coated with a SiOxCyHz (25 nm thickness) +
SiOx (25 nm thickness)).

EDS peaks (Figure 5) confirm FT-IR analyses. According to the weight fractions of
the elements, C, Si, and O can be considered to be major elements present in the organic
film, while for the inorganic film only Si and O were detected. Furthermore, considering
the chemical structure of conventional polydimethylsiloxane, and disregarding H that is
not detected by EDS, structures containing 50% C, 25% O, and 25% Si might be expected,
while the organic film formed contains 28% C, 36% O, and 36% Si (Figure 5a). This result
of elemental composition can be understood considering that the process that converts
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the HMDSO monomer into plasma polymer is dominated by radical processes yielding
mainly amorphous and more or less cross-linked structures; therefore, the monomer does
not undergo conventional chemical polymerisation. The inorganic film contains 67% O and
33% Si (Figure 5b), confirming a SiO2-like structure.
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To investigate possible chemical changes in the surface structure of PBS as a result of
the deposition process, ATR-FTIR analysis was performed as a function of the inorganic
coating thickness (Figure 6a). The PBS chemical structure of the repeat unit is –[O–(CH2)4–
O–CO–(CH2)2–CO]N [41]. For untreated PBS, it is possible to observe the well-defined
bands at 2945 cm−1 (asymmetric deformational vibrations of –CH2– groups), at 1710 cm−1

(C=O stretching vibrations of ester groups and at 1150 cm−1 (stretching of the –C–O–C–
group in the ester linkages). For deposits with thicknesses smaller than 60–70 nm, there
are no IR absorption bands related to the SiOx coatings, while for bigger thicknesses (for
instance, in the coating with a thickness of 150 nm—Figure 6a) the SiOx peak was evident.
The calculation of relative percentages of the bands was performed to determine if any
bonds had been modified in the treated samples [42,43]. No new bands appeared (within
the resolution limits of the instrument) in the treated samples and the ratio of the bands
(C-H/C=O, C-O/C=O) remained constant (Figure 6b) for coating thickness smaller than
60–70 nm. These results indicate qualitatively that no change in the surface structure of PBS
was found in that range of thickness. In this experimental work, this thickness range was,
therefore, chosen to increase the gas-barrier properties of the PBS polymer (see Section 3.3).
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intensity ratios evaluated as an integrated area for untreated and SiOx-coated PBS.
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3.2. Strategy to Eliminate the Stress in SiOx Barrier Coatings

The application of SiOx barrier coatings on PBS substrates is limited by the incompati-
bility of the coating and the substrate material due to a large difference in coefficients of
thermal expansion (CTE). This incompatibility leads to a reduced durability of the coating
over time. Figure 7 shows a PBS substrate coated with a SiOx layer (25 nm thickness).
AFM analysis performed immediately after the deposition plasma process showed the
appearance of wave-like folding of the coating surface (Figure 7b, black arrows). The
presence of a wave-like surface structure suggests a coating instability that can lead to
cracking over time. In order to eliminate this phenomenon, a buffer layer (SiOxCyHz)
was optimised and deposited at the interface of the polymer and the top coating of SiOx.
Si–O–C or Si–C groups (see IR analysis) formed in the buffer layer could provide a good
adhesion between the PBS substrate and the SiOx layer subsequently deposited. Such
a hybrid system (PBS+SiOxCyHz (25 nm thickness) + 25 nm SiOx) showed (Figure 7c) a
surface morphology identical to the untreated PBS.
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3.3. Oxygen Transmission Rate Measurements

SiOx-deposited PBS substrates were provided for the evaluation of the oxygen gas
properties. Figure 8 shows the oxygen permeability of SiOx barrier films (both with and
without a buffer layer) deposited on the PBS substrate as a function of the SiOx coating
thickness. In general, all measurements revealed that OTR was reduced for PBS substrate
covered with a SiOx barrier film. As expected, due to the minimisation of internal stress
during the coating growth, the SiOx barrier film with a buffer layer (SiOxCyHz, 25 nm
thickness) produces the best performance (OTR decreases to <5 cc/m2·day, this corresponds
to a reduction of 99% compared to bare PBS), also in function of SiOx thickness.
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With regard to the SiOx thickness, a further increase in thickness of more than
20–30 nm led to increased oxygen transmission rate (both with and without buffer layer).
As outlined above, the deposition of thin oxide coatings on PBS substrates can produce
internal stress. The main sources of internal stress are the coating growth (and associated
disorder) and the temperature gradients. Generally speaking, two kinds of defects are
found in thin oxide films, namely, microdefects and nanodefects. As for the SiOx-coated
PBS without a buffer layer, as highlighted in Section 3.2, the deposition of a few nm of SiO
showed the presence of a wave-like surface structure which indicated coating instability;
therefore, the worsening of OTR values as a function of SiOx thickness is widely expected.
Regarding SiOx-coated PBS with a buffer layer, since the SEM and AFM analysis did not
reveal any morphological differences in the thicknesses range considered (10–75 nm), the
worsening of OTR values (for thickness above 25 nm) could be, at least partially, attributed
to the internal stress generated for increasing deposition time [8].

4. Conclusions

The majority of plastic packaging is produced from fossil-based resources [44], result-
ing in a large environmental impact. A potentially more sustainable alternative is plastic
packaging made from bio-based materials [45]. In particular, biodegradable polymers with
an improved barrier against gas are set to be one of the most promising and attractive
systems for next-generation sustainable packaging. In this study, the PECVD technique to
improve the PBS–oxygen barrier property has been used. PBS was coated by PECVD with
transparent organic/inorganic bi-layered coatings while varying the thickness of the SiOx
top coating. Internal stresses, which can be generated in the top coating/PBS system during
deposition, were eliminated using a buffer layer (25 nm of organic coating) between the PBS
and SiOx top layer [46–48]. From gas barrier measurements, it could be concluded that the
SiOx top coating deposited from the HMDSO/O2 mixture on the PBS possesses a very high
oxygen gas barrier capability; thus, an optimal top coating thickness range that combines
a very low oxygen permeation and negligible effects of residual stress was determined.
For this kind of oxide, the optimal coating thickness is of the order of 10–25 nm. From
the point of view of process scalability, the small thickness of the coating could allow for
industrialisation due to the very low deposition time.
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