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ABSTRACT: We demonstrate a dual organic and inorganic precursor method
to deposit transparent organosilicate protective bilayer coatings on poly methyl
methacrylate (PMMA) substrates with atmospheric plasma deposition in ambi-
ent air. The bottom layer was a hybrid organosilicate adhesive layer deposited
with dual organic 1,5-cyclooctadiene (CYC) and widely used inorganic tetra-
ethoxysiline (TEOS) precursors. The selection of the organic CYC precursor
allowed incorporation of a carbon chain in the organosilicate adhesive layer,
which resulted in improved adhesion. The top layer was a dense silica coating
with high Young’s modulus and hardness deposited with TEOS. The deposited
bilayer structure showed ∼100% transparency in the visible light wavelength
region, twice the adhesion energy, and five times the Young’s modulus of
commercial polysiloxane sol−gel coatings.
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1. INTRODUCTION

Transparent protective coatings play an increasingly important
role in technologies such as flexible electronics, photovoltaics,
and plastic glazing and moldings.1,2 Deposition of effective
transparent protective coatings with both high hardness and
adhesion properties is an important technical challenge. Trans-
parent silica protective coatings have been deposited using sol−
gel techniques, but the interfacial adhesion with plastics is gen-
erally not determined3−6 or is in the low range of ∼2−8 J/m2.7,8

In addition, the reported elastic Young’s modulus is typically
∼5 GPa, and a higher value would suggest improved wear and
abrasion properties.
Using a novel atmospheric plasma deposition technique, we

recently demonstrated the deposition of hard, adhesive, and
transparent bilayer organosilicate coatings on PMMA substrates
using a 1,2-bis(triethoxysilyl)ethane (BTESE) precursor. The
coatings’ adhesion with PMMA was twice that of commercial
polysiloxane sol−gel coatings and exhibited a 3-fold increase in
Young’s modulus.1 Atmospheric plasma deposition is partic-
ularly suitable for controlling the adhesive and bulk properties
of transparent protective coatings using a multilayer deposition
strategy separately with accurate control of coating thick-
ness and properties.1 Furthermore, it is a versatile process that
enables rapid deposition on large and/or complex substrate
shapes without a vacuum chamber or wet chemistry process
required with conventional vacuum-based techniques (e.g., atomic
layer deposition, chemical vapor deposition, and sputtering) and
sol−gel techniques.9
In this study, we demonstrate a strategy using dual organic

and inorganic precursors for atmospheric plasma bilayer
deposition. Compared to the BTESE precursor used in our pre-
vious study mentioned above and also compared to the silicate
precursors including tetramethylcyclotetrasiloxane (TMCTS)

and tetramethyldisiloxane (TMDSO), tetraethoxysiline (TEOS)
is a low cost and widely used precursor for silicate coating
deposition.1,2,10 It has relatively higher vapor pressure (∼1.5 Torr
at 23 °C) which enables a lower delivery temperature. The dense
silica coatings deposited using TEOS by atmospheric plasma
deposition were shown to have the highest Young’s modulus
compared to those of other precursors.2 However, the deposited
silica coatings using TEOS have a low adhesion (∼2 J/m2) with
polymer substrates such as PMMA. To solve this challenge, we
first demonstrate the deposition of a bottom adhesive layer
comprising an adhesive organic−inorganic hybrid layer deposited
using dual CYC and TEOS precursors. While octadiene pre-
cursors were reported to be applied in vacuum plasma deposition
to improve the interfacial adhesion with other polymers and
organic fibers such as poly p-phenylene benzobisoxazole (PBO)
and keratinocytes,11,12 the application of these organic molecules
in atmospheric plasma has never been reported. The CYC is
volatile at room temperature and reactive during plasma depo-
sition since it has two double bonds in the ring molecular
structure which undergoes ring opening and incorporation into
the coating molecular network. We show that the addition of the
CYC precursor significantly increased the carbon content and
plasticity of the deposited coating. A dense silica top layer with
high hardness and Young’s modulus was then deposited using a
single TEOS precursor. The bilayer coating exhibited ∼100%
transmittance in the visible wavelength region, twice the adhesion
energy, and ∼5-fold the Young’s modulus compared to those of
commercial polysiloxane sol−gel coatings.1,2
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2. EXPERIMENTAL METHODS
2.1. Film Deposition. An atmospheric 13.56 MHz RF plasma

source equipped with a scanning sample stage and a 25 mm diameter
cylindrical plasma showerhead (Atomflow 400D system, Surfx
Technologies LLC, US) was employed. A high-temperature precursor
delivery system was used to deliver two precursors.2 The flow rates of
the primary and secondary plasma gases were adjusted by the
atmospheric plasma system. The plasma was generated with a primary
gas of 20 L/min of high purity compressed He (99.995%) and a
secondary gas of O2 (99.999%). Tetraethyl orthosilicate (TEOS, 99%,
Sigma-Aldrich) was used as the silicon source precursor, heated to
80 or 100 °C and then delivered to the flowing postdischarge plasma
region with a settled temperature of 135 °C. 1,5-Cycloocatadiene
(CYC, 99%, Sigma-Aldrich) was used as the second precursor, kept
warm at room temperature (23 °C) with a water bath and delivered to
the postdischarge plasma region at room temperature. High purity
compressed He was also employed as the dilution and bubbler gas in
the precursor delivery system.
Coatings were deposited on military-grade stretched PMMA

meeting all requirements of MIL-PRF-25690 (LLAMAS Plastic Inc.
CA, USA) with 70 × 10 × 6 mm3 dimensions and standard silicon
wafer substrates with 15 × 15 × 0.78 mm3 dimensions. The substrates
were degreased by isopropanol for cleaning before deposition. The
films were deposited at a scan velocity of 50 mm/s and step size of
0.3 mm. The detailed deposition conditions are described in Table 1.

We use different plasma conditions for single layer and bilayer organo-
silicate deposition.
2.2. Film Characterization. A surface profilometer (Veeco Dektak

150, Veeco Instruments Inc., USA) was used to measure the film
thickness on the silicon and PMMA substrate with a film edge created
by masking a small region. A UV−vis-NIR spectrophotometer (Cary
6000i, Agilent Technologies Inc., USA) was employed to test the
visible transmittance of the films. The average transmittance was
calculated by averaging the values obtained for the wavelength in the
range of 380 to 800 nm. X-ray photoelectron spectroscopy (XPS,
PHI 5000 Versaprobe, Physical Electronics Inc., USA) was applied to
evaluate the composition of the film and the delaminated surface.
An Al−Kα (1486 eV) X-ray source with a spot size of ∼1 mm was
equipped (pass energy, 117.4 eV; scan range, 0−1000 and 1 eV/step).
Prior to the measurement, surface atmospheric contaminants were
removed by ion sputtering for 3 min. An argon ion beam was applied
to sputter off the hybrid thin film, with settings of 1 kV, 0.5 μA, and
1 mm × 1 mm sputter spot. The angle between the detector and the
sample surface was 45°. The chemical bonds in the coating were
characterized using IR spectroscopy and Raman spectroscopy. The IR
spectrum was recorded as power dispersions in KBr using a Nexus
670 FT-IR (reflectance mode) for an average of 200 cycles. Mid-IR
in the wavelength range from 600 to 4000 cm−1 was probed at a
resolution of 4 cm−1. Coatings on silicon substrates were characterized

in transmission mode at the Brewster angle of the silicon substrate.
The Raman scattering was measured with a Horiba Jobin-Yvon HR-
800 Confocal Raman system. A visible light excitation source (32mw,
512 nm) was used. The Raman spectrum was recorded in the range
from 0 to 2000 cm−1 for three cycles for every sample with a time step
of 5 s. The density, ρ, of the coating was measured by specular X-ray
reflectivity (XRR) using a X-ray diffraction devise (X’Pert Pro, Pana-
lytical, Westborough, MA) with a ceramic X-ray tube (wavelength =
0.154 nm) and a high resolution horizontal goniometer (reproduci-
bility = ± 0.001°). The calculation method was described elsewhere.2

The Young’s modulus and hardness were measured by nano-
indentation. All of the nanoindentation tests were performed on the
coating surfaces using the iNano nanoindentation system fabricated by
Nanomechanics, Inc. with a diamond indenter. The hardness and
Young’s modulus were determined using nanoindentation experiments
on coatings deposited on silicon substrates and plotting the resulting
Young’s modulus and hardness as a function of the indentation depth
to account for the mismatch of the elastic properties of the coating and
substrate using a method described elsewhere.13−15 Before testing, a
series of indents at various contact depths were performed on fused
quartz with a Young’s modulus of 72 GPa as a standard sample for
calibration.

2.3. Adhesion Measurement. The adhesion energies, Gc, of the
deposited organosiicate coatings on the silicon substrates were
measured using a double cantilever beam (DCB) specimen. Details
of the DCB techniques can be found elsewhere.16,17 Test specimens
were prepared by bonding an identical blank silicon beam onto the
hybrid film deposited on an underlying silicon substrate using a thin
epoxy layer (<2 μm). The specimen was mounted into an adhesion
testing system (Delaminator, DTS company, US) with metal loading
tabs glued on two sides of the specimen. The initial crack was
introduced from the edge of the sample by applying a tensile load. The
specimen was loaded in tension with a displacement rate of 1.0 μm/s
until the crack extension and then unloaded.18

The adhesion energy of the coating on PMMA was quantified
using the asymmetric double cantilever beam (ADCB) test.18−20 The
specimens were prepared by bonding a blank (uncoated) substrate of
3 mm thickness onto a coated substrate of 6 mm thick. The in-plane
dimensions of the specimen were 9 mm × 70 mm. The fracture tests
were conducted on a micromechanical adhesion test system (DTS
Delaminator Test System, DTS Company, Menlo Park, CA) in dis-
placement control mode. The specimens were loaded at a displace-
ment rate of 5 μm/s in tension to produce controlled crack growth,
followed by unloading. The load was measured simultaneously, and
the adhesion energy Gc (J/m

2) was calculated. The details can be
found elsewhere.2,19

3. RESULTS AND DISCUSSION

3.1. Deposition Rate. The dense layer and adhesive layer
were individually deposited on silicon and PMMA substrates
with different TEOS vaporizing temperatures (80 and 100 °C)
and different CYC flow rates (0.01L/min and 0.02L/min). The
average deposition rates of the deposited coatings are shown in
Table 2. The deposition rates of the adhesive layers using the
dual organic and inorganic precursors were ∼2 times the depo-
sition rate of the dense layers deposited using a single TEOS
precursor, suggesting that the organic precursor was incorpo-
rated into the deposited coating. The deposition rates of the
coatings increased with increasing vaporizing temperatures of
TEOS and increasing flow rates of CYC. More evidence of the
incorporation is presented in the following sections.

3.2. Chemical Composition of Coatings. Using full XPS
spectra, the atomic percentages of carbon (C), oxygen (O), and
silicon (Si) in the deposited organosilicate dense layer from
single TEOS and adhesive layers from dual organic and inorganic
precursors with different CYC flow rates are shown in Table 3.
The C content increased markedly from 3.6% to 10.8% after

Table 1. Deposition Conditions

parameter unit adhesive layer dense layer

primary plasma gas He (99.995%) He (99.995%)
secondary plasma gas O2 (99.995%) O2 (99.995%)
bubbler and dilution gas He (99.995%) He (99.995%)
precursor temperature (TEOS) °C 100 80,100
precursor temperature (CYC) °C 0 None
primary gas flow L/min 20 20
secondary gas flow L/min 0.3 0.3
bubbler gas flow (TEOS) L/min 0.08 0.08
bubbler gas flow (CYC) L/min 0.01, 0.02 none
dilution gas flow L/min 2.0 2.0
plasma power W 50 80
deposition distance mm 5 1
shower head move velocity mm/s 50 50
step mm 0.3 0.3
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using a dual precursor with 0.01 L/min CYC flow rate suggesting
that a more carbon-included organic component has been incor-
porated into the coating molecular network. The carbon content
of deposited coatings also increase to ∼15% with 0.02L/min

organic CYC flow rate, which means that dual precursor strategy
is successful in increasing and controlling the carbon content in
the deposited adhesive layer coatings.
The chemical forms of carbon and silicon species present in

the adhesive and dense layers were investigated by FTIR
(Figure 1a). The coating conditions are shown in the figure.
Strong bands associated with the asymmetric stretching, bend-
ing, and rocking modes of the Si−O−Si bond were observed at
∼1075 and 800 cm−1 in both spectra.21−23 The relative
intensity difference of the bands at ∼1075 cm−1 of two coatings
resulted from different molecular network structures of Si−O−
Si. The FTIR spectra confirmed the XPS results that the dense
layer deposited using a single TEOS precursor was almost pure
silica with significantly low carbon content (∼4%), while the
spectra of the adhesive layer deposited using dual precursors
showed a lower peak of 1075 cm−1 due to higher carbon con-
tent and a less dense Si−O−Si network in the coatings.2 This is
also demonstrated by the coating density result in Table 2.
The peak at ∼930 cm−1 was attributed to Si−OH stretching
mode,24 which is consistent with coatings deposited using plasma
enhanced chemical vapor deposition (PECVD) at reduced
temperature.24−26 The dual precursor adhesive layer showed
obvious peaks at ∼1470 cm−1 and ∼2950 cm−1 which are nearly
absent in the dense layer deposited using a single TEOS pre-
cursor. The peak at ∼1470 refers to Si−O−C species, and the
peak at ∼2950 results from sp3 C−H stretching vibrations.2,27

Appearance of these peaks suggests that the organic component
in the coating deposited by dual organic and inorganic precursors
may form a connected − Si−O−C− structure and improve the
network connectivity of the coatings. The peak at ∼1725 cm−1

was attributed to polar CO stretching mode which indicates
that some organic component is in an oxidative state in the
adhesive layer deposited by the dual organic and inorganic
precursors method.2,28 The broad band peaks at ∼3400 cm−1 in
both spectra are due to an O−H stretching vibration that
resulted from terminated hydroxyl groups in the molecular
network.2,25

The Raman spectrum of the deposited adhesive and dense
layer are presented in Figure 1b. The deposition conditions are
the same as those of the layers investigated by FTIR. The peak
at 517 cm−1 appears in both spectra refers to multiphonon
scattering from the silicon substrate.29 The wide band with a

Table 2. Deposition Rates and Properties of Organosilicate
Films Deposited from TEOS and Two Precursors

coating condition
deposition rate
(Si, nm/min)

deposition rate (PMMA,
nm/min)

dense layer (80 °C) 26 ± 1.1 32 ± 1.3
dense layer (100 °C) 40 ± 0.9 47 ± 2.1
adhesive layer (0.01 L/min
CYC)

67 ± 2.2 72 ± 4.7

adhesive layer (0.02 L/min
CYC)

82 ± 3.1 97 ± 3.4

Table 3. Compositions of Organosilicate Films Deposited
from TEOS and Dual Precursors without Optimized
Conditions

elements
dense layer
(80 °C)

adhesive layer
(0.01 L/min CYC)

adhesive layer
(0.02 L/min CYC)

Si 28.6% 24.7% 25.0%
O 67.8% 64.5% 60.6%
C 3.6% 10.8% 14.4%

Figure 1. (a) FTIR spectrum for single layer coatings deposited from a
TEOS precursor and two precursors. (b) Raman spectrum for coatings
deposited from a TEOS precursor and two precursors with excitation
wavelengths of 512 nm.

Figure 2. Transmittance spectrum with wavelength from 300 to
800 nm and an optical image for a blank PMMA substrate, PMMA
with coatings deposited by single TEOS, dual precursors, and bilayer
coatings.
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maximum at about 230 cm−1 can be correlated with scissoring
in the [SiO4/2] tetrahedron.30 The 624 cm−1 peak with weak
intensity corresponds to the position of a maximum of a D2
line observed for dense bulk silica reported in the literature
(D, G, and T bands in the silica Raman spectrum are dependent
on excitation wavelength; the D band usually shows depressive
behavior in visible excitation light).31,32 All of these peaks can be
found in the thin film state SiO2 but are missing in the bulk
SiO2.

33 This indicates that the adhesive layer deposited using the
dual precursors behaves more like a less dense film, while the
dense layer deposited using the single TEOS precursor behaves
more like a denser bulk material. The wide peak at ∼980 cm−1 is
assigned to the Si−O−CH2 bond symmetric −Si−O−C−
vibration,34 which again conforms that the organic component
in the coating deposited by dual precursors may form a con-
nected −Si−O−C− organosilicate network, also evident from
the FTIR results.
3.3. Transmittance Properties. The PMMA substrates

employed showed a ≥ 90% transmission in the visible light
region (380−800 nm), and no detectable difference in the
transmittance spectrum was observed after deposition of the
single and bilayer coatings as shown in Figure 2. All of the
deposited coatings in this work therefore showed ∼100% trans-
mittance in the visible wavelength region.

3.4. Adhesion Properties. The variation of adhesion
energy Gc to PMMA substrates of the dense silica layer depos-
ited using a single TEOS precursor and bilayer coatings depos-
ited using dual precursors with different organic CYC flows
rates as a function of the coating thickness is presented in
Figure 3a. The bilayer coatings deposited using dual organic
and inorganic precursors show a significant increase in adhesion
energy when compared to that of coatings deposited using
single TEOS precursor. These adhesion data were for the
organosilicate and PMMA interface, as evidenced by the XPS
elemental composition of the fractured surface after adhesion
testing (Figure 4). On the substrate side of the fracture surface,
no silicon peak was detected. On the opposite side, there
was obvious silicon content (∼20 atom %). The increase of
adhesion resulted from increased carbon content incorporation
(form Si−O−C chain) and could form both Si−C and C−C
bonds with the polymer substrate. However, the dense layer
can only form a limited Si−C bond.2

The incorporation of a reactive organic precursor also
prevents overoxidation of the polymer substrate during the
deposition process especially for PMMA, whose overexposure
to plasma has previously been shown to promote the formation
of a low-molecular-weight layer and decrease adhesion.1 The
increase of adhesion also resulted from increased molecular
bridging that dissipates energy by molecular relaxation in a

Figure 3. Adhesion energy Gc of deposited coatings (a) on PMMA as
a function of coating thickness and (b) on a silicon to epoxy layer as a
function of coating thickness.

Figure 4. Elemental XPS analysis of the fracture surface of the coatings
deposited on PMMA, (a) coated substrate side and (b) opposite side,
showing delamination at the PMMA/adhesive organosilicate interface.
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plastic deformation zone near the crack tip during coating
delamination.35−37 The plastic zone size in thick coatings is
mainly determined by intrinsic coating properties including the
yield stress and ductility of the coating. However, in a thin
coating the plastic zone size is constrained by the coating thick-
ness itself, which limits the amount of plastic energy dissipated
in the plastic zone. As a result, the adhesion value, Gc, of the
coatings deposited from dual precursors increases with in-
creasing coating thickness, and Gc increases with increasing
organic CYC flow rates since higher carbon content (Table 3)
and a larger plasticity effect can be achieved in the coating.
The highest Gc was ∼15 J/m2, which was twice the adhesion of
typical commercial sol−gel siloxane coatings. The adhesion
energy, Gc, of coatings deposited using a single TEOS precursor
does not vary significantly with coating thickness because of
low carbon content and plasticity in the coatings as shown in
the XPS result (Table 3).
The adhesion energy Gc for dense silica coatings and bilayer

coatings deposited with a 0.01 L/min CYC flow rate on silicone
substrate is presented in Figure 3b. The crack propagated at
the organosilicate coating/epoxy interface, which is similar to
the XPS result of organosilicate coating/PMMA interface
(Figure 4). On the substrate side of the fracture surface, very
high silicon content (∼20%) was detected. On the opposite
side, nearly no silicon peak was detected. The maximum adhe-
sion energy with epoxy layer of coatings deposited from dual
organic and inorganic precursors (∼13.3 J/m2) is 2 times that
for coatings deposited from TEOS (∼6.7 J/m2), which
conformed to the adhesion trend for the coatings deposited
on PMMA. The increasing trend of adhesion for deposited
coatings using dual precursors with an epoxy layer is also in
accordance with the adhesion result for the PMMA substrate
because of the plasticity effect.
3.5. Coating Density and Mechanical Properties. The

coating density and mechanical properties for bilayer coatings
deposited using TEOS and dual organic and inorganic pre-
cursors are presented in Table 4. The dense layer deposited
using single a TEOS precursor with shorter distance, lower
precursor flow, and higher power exhibited the higher density
of 1.91 g/cm3, a Young’s modulus of 23.7 GPa, and a hardness
of 2.2 GPa, but its adhesion energy with PMMA is as low as
2.2 J/m2, as shown in Figure 3a. The high density, Young’s
modulus, and hardness of this dense hard layer resulted from a
highly connected bulky Si−O−Si molecular network as
evidenced by FTIR spectra in Figure 1 and with a low carbon
remnant (∼3.6%) as shown in Table 4. Coatings deposited
using a dual precursor with higher distance, higher precursor
flow, and lower power have a higher adhesion (∼15.4 J/m2)
with lower density, Young’s modulus, and hardness. The signi-
ficantly improved adhesion was related to the higher carbon
content (∼14.4%) and the incorporation of carbon chain into
the coating’s molecular network as discussed previously. The
Young’s modulus and hardness of the bilayer coatings show
inconsistent values through the film as presented in Table 4.
The Young’s modulus and hardness on the top part of the

bilayer coatings have a larger value than the values of the
bottom layer, which is the evidence to confirm the existence of
the bilayer structure. The overall bilayer coating properties are
summarized in Figure 5. The bilayer coatings show twice the

adhesion energy and five times the Young’s modulus of com-
mercial polysiloxane sol−gel coatings.

4. CONCLUSIONS
We successfully demonstrated the strategy of using dual organic
and inorganic precursors to deposit organosilicate transparent
multifunctional bilayer coatings on PMMA substrates with atmo-
spheric plasma deposition in ambient air. The bottom adhesive
layer deposited using dual precursors significantly increased the
adhesion energy with the PMMA substrate, and the top hard
silica layer showed high Young’s modulus and hardness. The
bilayer coating combined high adhesion energy, Young’s modu-
lus, and hardness at the same time and functioned as an
integrated layer. The deposited bilayer structure showed twice
the adhesion energy and five times the Young’s modulus of
commercial polysiloxane sol−gel coatings.
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