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A B S T R A C T   

Flexible low dielectric constant (low-k) SiCOH thin films were fabricated onto flexible indium tin oxide coated 
polyethylene naphthalate (ITO/PEN) substrates using plasma-enhanced chemical vapor deposition (PECVD) of a 
tetrakis(trimethylsilyloxy)silane (TTMSS) precursor. RF plasma powers of 20 and 60 W were utilized for the 
deposition. The k-values of the pristine SiCOH films deposited at 20 and 60 W were 2.46 and 2.00, respectively. 
Both films showed hydrophobic surfaces. An inductively coupled plasma-reactive ion etching (ICP-RIE) process 
was then performed on the flexible SiCOH thin films using CF4, CF4 + O2, and CF4 + Ar. The surface wettability 
of the films increased substantially following etching, with many of the etched films being considered hydro-
philic. The Fourier transform infrared (FTIR) spectra of the pristine films identified four prominent absorption 
bands as CHx stretching, Si-CH3 bending, Si-O-Si stretching, and Si-(CH3)x stretching vibration modes. After the 
etching process, the peak area ratios of Si-O-Si stretching mode increased and those of Si-(CH3)x stretching mode 
decreased. The X-ray photoelectron spectroscopy (XPS) spectra analysis determined significant concentration of 
fluorine on the surface of the film following etching. From the high-resolution XPS scan, it was found that the 
peak intensity of the C1s and Si2p peaks decreased after etching process and the peak center of the F1s peak 
shifted depending on etching chemistry. The k-values of the films at 20 W were fairly consistent while those of 
the films at 60 W increased significantly following the etching process. The increase in k-value after etching for 
the films at 60 W correlated with surface hydrophilicity, increase in the refractive index, and change in the peak 
area ratios of Si-O-Si and Si-(CH3)x stretching modes in the FTIR spectra.   

1. Introduction 

Flexible electronics have been a subject of great interest within the 
microelectronics industries [1–3]. Unlike traditional electronics, which 
are developed onto a rigid Si wafer or other types of rigid substrates, 
flexible electronics are generally built upon a polymer substrate but also 
metal foil, paper, and flexible glass. Flexible electronic devices have an 
expanded range of applications due to their ability to fold, twist, stretch, 
or roll. Several applications of flexible electronics include flexible 
lighting and displays, wearable devices, and solar cells [4–13]. The 
flexible electronic devices may have additional requirements depending 
on its application. For example, flexible displays require a high degree of 
transparency. The development of flexible electronics involves a unique 

set of limitations relating to the substrate material. Polymers typically 
have a low glass transition temperature, so low temperature 
manufacturing methods must be employed to produce flexible electronic 
components. Various materials have been fabricated on flexible sub-
strate using vacuum deposition techniques such as chemical vapor 
deposition, thermal evaporation, sputtering, and atomic layer deposi-
tion to fabricate flexible devices including solar cells, light emitting 
diodes, sensors, and transistors [14–20]. Although flexible electronics 
are fabricated with pattern transfer, solution printing process, roll-to- 
roll process, and additive manufacturing, they are not mature to apply 
for mass production yet [16,18,21,22]. Deposited functional materials 
could require photolithography and etching processes like traditional Si- 
based electronics. 
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A wide variety of materials such as inorganic and organic molecules, 
semiconductors, dielectrics, and metals have been integrated for the 
fabrication of flexible electronic devices. One of the typical dielectric 
materials employed in semiconductor devices manufacturing is carbon- 
doped silicon oxide (SiCOH). The SiCOH is very important as a low 
dielectric constant (low-k, k < 4.0) layer in the interconnect or back-end- 
of-line (BEOL) process of semiconductor devices [23–34]. To utilize the 
SiCOH dielectric layer for flexible semiconductor devices, it should be 
patterned using the photolithography and etching processes. It has been 
reported that etching properties of the SiCOH thin films deposited on the 
rigid Si wafer are characterized under a dry etching process [35–46]. 
The SiCOH film typically consists of Si–O and hydrocarbon related 
bonding in the film structure. When it is exposed to plasma during the 
dry etching process, radicals, ion bombardment, and vacuum ultra- 
violet radiation cause damage to the material [35–39]. Etchants such 
as CF4, O2, and Ar in the dry etching process affect the structure and 
properties of the film. For example, CF4 causes a fluorocarbon layer 
formed on the surface of the film [40–42]. Fluorine radicals in CF4 
plasma lead to the formation of Si-OH bonds on the surface, resulting in 
the film hydrophilic. The introduction of O2 into the plasma can lessen 
polymerization upon the substrate surface and increase the concentra-
tion of fluorine atoms within the plasma [40]. O2 plasma may damage 
the film through the removal of Si-CH3 bonds and lead to undesired 
oxidation of the interconnects [34,43]. Introducing Ar into the plasma 
controls polymerization by the surface reactions through ion 
bombardment [44–46]. While the etching characteristics of the SiCOH 
dielectric films on the rigid Si substrate have been understood, little 
research has been performed regarding the etching characteristics of 
flexible SiCOH films. In this regard, an effect of etching parameters on 
material properties of flexible SiCOH dielectrics should be addressed to 
fabricate the flexible electronic devices. 

In this study, flexible low-k SiCOH films were produced onto flexible 
indium tin oxide coated polyethylene naphthalate (ITO/PEN) substrates 
by plasma-enhanced chemical vapor deposition (PECVD) of a tetrakis 
(trimethylsilyloxy)silane (TTMSS, C12H36O4Si5) precursor at ambient 
temperature using a set of different plasma powers. The physical prop-
erties of the film including refractive index, extinction coefficient, sur-
face morphology and roughness, and surface wettability were 
determined. In particular, the chemical bond structure and elemental 
composition of the flexible SiCOH films were analyzed by Fourier 
transform infrared (FTIR) spectroscopy and X-ray photoelectron spec-
troscopy (XPS). The k-values of the flexible SiCOH films were measured. 
An inductively coupled plasma-reactive ion etching (ICP-RIE) was per-
formed to investigate the etching characteristics of the flexible SiCOH 
films under a set of carbon fluoride (CF4)-based plasmas. Etching gas 
was selected among CF4, CF4 + O2, and CF4 + Ar. The physical, chem-
ical, and electrical properties of the flexible SiCOH films were investi-
gated to determine how the etching process affected the film. 

2. Experimental details 

2.1. Preparation of the flexible SiCOH films 

Table 1 presents the deposition conditions of the SiCOH thin films 
which were deposited onto flexible ITO/PEN substates by the PECVD 
using the TTMSS (C12H36O4Si5, Sigma Aldrich, 97% purity). The ITO/ 
PEN substrate was purchased from MTI corporation and had thicknesses 
of 180 nm and 125 μm on average for ITO and PEN, respectively. The 

PEN substrate was DuPont Teijin Teonex film-Q65HA. The ITO film was 
deposited by magnetron sputtering. It had a sheet resistance of 12 
Ω/square and a transparency >75%. The ITO was covered by a pro-
tective film to prevent contamination, which was removed prior to 
loading in the PECVD reactor for deposition. The PEN sheets had a glass 
transition temperature of 120 ◦C, limiting the maximum allowable 
process temperature. Fig. 1(a) presents the molecular structure of the 
TTMSS precursor. The molecule is centered on a single Si atom bonded 
tetrahedrally to four O atoms. Each O atom is bonded to an outer Si 
atom, which is bonded to three methyl (CH3) groups. The important 
bond structure to determine the SiCOH characteristics are the Si-O-Si at 
the center of the molecule and methyl functional groups branched off 
from each Si atom. A radio frequency (RF) power with 13.56 MHz was 
supplied to the PECVD system. Inside the PECVD reactor, a susceptor as 
a platform holding the substrate was placed at the bottom and a shower 
head including a precursor gas dispensing surface having multiple hole 
patterns was located at the top. The distance between the susceptor and 
the shower head was 20 mm. There was a bubbler containing the TTMSS 
precursor, equipped with an inlet and an outlet. The inlet of the bubbler 
was connected via a gas line and a regulator to the argon (Ar) gas cyl-
inder containing Ar gas with a purity of 99.999% and the outlet via 
another gas line to the shower head. Ar gas was introduced into the 
heated bubbler through the inlet and vapors of the precursor were 
generated and delivered to the shower head through the outlet. Ar gas 
acted as a carrier gas to transfer the precursor vapors. The mixed flows 
with the precursor vapors carried by Ar gas flew into the reactor through 
the shower head. The flow of the precursor vapors was controlled by a 
mass flow controller (MFC) and a pressure flow controller (PFC). The 
MFC was installed between the Ar gas cylinder and the inlet of the 
bubbler and the PFC between the outlet of the bubbler and the reactor. A 
dry screw pump was located under the reactor via a vacuum line. After 
the substrate was loaded on the susceptor in the reactor, the pump 
started operating to lower the reactor pressure to 0.133 Pa, which was a 
base pressure prior to deposition. To vaporize the precursor effectively, 
the bubbler containing the TTMSS precursor was heated to 85 ◦C. The Ar 
flow rate flowing into the bubbler was maintained at 18 sccm via the 
MFC and the pressure flow of the vaporized precursor into the reactor at 
30 Torr via the PFC. The SiCOH thin films were deposited at ambient 
temperature (18–19 ◦C) and a pressure of 26.7 Pa. The RF plasma power 
with 13.56 MHz was utilized with plasma powers of 20 and 60 W to 
examine films formed in two different plasma regimes. The reason to 
select two different plasma powers was because they contributed to 
different dielectric constants as well as chemical bonding configurations 
and film surface features which were strongly affected by etching pro-
cess. Fig. 1(b) show a photo of the flexible SiCOH film deposited on ITO/ 
PEN substrate along with a schematic of a cross-section of the SiCOH/ 
ITO/PEN. The flexible SiCOH film was deposited on the ITO/PEN sub-
strate without any delamination or cracks. 

2.2. ICP-RIE process of the flexible SiCOH films 

The flexible SiCOH films were then subjected to the ICP-RIE process. 
An Oxford ICP-DRIE System 100 ICP180 was utilized for the ICP-RIE 
process. A schematic diagram of the ICP-RIE process using CF4 gas 
plasma can be seen in the Supplementary Information (Fig. S1). Inside 
the process chamber, the SiCOH sample was situated in the bottom and 
electrically isolated from the rest of the chamber. Etching gas entered 
through the inlet in the top of the chamber and evacuated to the vacuum 

Table 1 
Deposition parameters for the SiCOH thin films using the PECVD process.  

Plasma power 
(W) 

Base pressure (Pa) Temperature (◦C) Deposition time 
(min) 

Deposition pressure 
(Pa) 

Ar flow rate from MFC 
(sccm) 

Pressure flow from PFC 
(Torr) 

20 0.133 18–19 5 26.7 18 30 
60 0.133 18–19 5 26.7 18 30  
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pump system through the outlet. The plasma was generated by an RF 
source which was supplied by inductively coupling the coils surrounding 
the ICP generation reactor. Generally, the ICP power controls the degree 
of ionization of the gas in the plasma and thus the plasma density. 
Separate RF and ICP generators offer separate control over ion energy 
and density. The ICP-RIE consists of chemical and physical mechanisms. 
The chemical mechanism is based on the reaction between radicals and 
the film surface to produce volatile by-products that are pumped out of 
the reactor. The physical mechanism is based on the high energy ion 
bombardment to the film surface, knocking out atoms or their agglom-
erates from the film. In plasma, reactive species such as ions, radicals, 
and electrons are found. Energetic electrons collide with a neutral etch 
gas molecules, creating reactions such as ionization, dissociation, 
dissociative ionization, excitation, attachment, dissociative attachment, 
and recombination. Positive ions are also important for etching process. 
Radicals are found more than ions in plasma. Radicals have a longer 
lifetime in plasma compared to ions because ions become neutralized 
during collisions with a surface while radicals often do not react with the 
surface and are back to plasma. The representative chemical reactions in 
plasma using CF4, O2, and Ar gases during ICP-RIE process can be seen in 
the Supplementary Information (Table S1). Ionization, dissociation, 
dissociative ionization, excitation, attachment, and recombination are 
possible due to electron collisions. CF4-based plasma generates active 
atoms, ions, fluorine radicals, and electrons that participate in both 
chemical and physical reactions with the film surface. By adding O2 or 
Ar gases, more active species can contribute to the reactions in the 
plasma leading to acceleration or deceleration of etching process and 
affecting changes in the chemical structure of the film after etching. 

Prior to etching of the flexible SiCOH films, O2 plasma cleaning was 
performed on a bare Si wafer for 30 s to ensure a reproducible etching 
condition. The SiCOH thin films were then loaded into the ICP-RIE 
reactor and etched by the parameters outlined in Table 2. The etching 
gas was selected from CF4, CF4 + O2, and CF4 + Ar. The flow rate of CF4 
gas was maintained at 35 sccm, while the rates of O2 and Ar gases were 
both maintained at 24 sccm. The RF plasma at 13.56 MHz was main-
tained at 200 W and the ICP power at 40 W. The operating pressure and 
temperature were 10.0 Pa and 25 ◦C, respectively. The length of each 
etching process was 30 s. 

2.3. Characterization of the flexible SiCOH films 

An ellipsometer (alpha-SE, J.A. Woollam) with a wavelength of 633 
nm was used to measure the thickness, refractive index, and extinction 

coefficient of the pristine and etched SiCOH thin films. The etch rate of 
the film was calculated as the difference in film thickness before and 
after etching, divided by the etching time. An atomic force microscope 
(AFM, SmartSPM, Horiba) was utilized to measure the surface 
morphology and roughness of the films. A contact angle goniometer 
(L2004A, Oscilla) was utilized to measure the contact angle of the films. 
Elastic modulus and hardness were measured using nanoindentation 
(Nano Indenter G200, KLA) with continuous stiffness measurement 
(CSM) mode. The chemical structure of the flexible SiCOH films was 
analyzed using Fourier transform infrared (FTIR, Invenio-S, Bruker) 
spectroscopy and X-ray photoelectron spectroscopy (XPS, ESCA 2SR, 
ScientaOmicron). The FTIR instrument, which featured a Vari GATR 
attachment, scanned 64 times in the wavenumber range of 4000–600 
cm−1 at a resolution of 4 cm−1. The XPS machine featured a mono Al Kα 

X-ray source (1486.6 eV) at an emission angle of 90◦ and a circular 
analysis area 1.93 mm in diameter. The XPS survey scan range was 
0–1200 eV at a scan resolution of 0.1 eV. The chamber pressure was held 
below 4 × 10−7 Pa, and a charge neutralizer was utilized during the 
analysis. High-resolution XPS scans were also performed across the Si2p, 
C1s, and F1s spectra ranges. A FDG 150 focused ion source was used to 
sputter the films using Ar ions at 4000 eV and a 45◦ incident angle. The 
XPS analysis was performed before and after the 2 min Ar ion sputtering 
to examine the changes in the elemental composition throughout the 
film. Constituent peaks in FTIR and XPS spectra were determined by the 
deconvolution using the Gaussian peak fitting from OriginPro and 
CasaXPS software, respectively. For the XPS peak fitting in the CasaXPS, 
the Shirley background method and the Gaussian-Lorentzian line shapes 
for peak fitting were utilized. The full width at half maximum (FWHM) 
and the peak position of each curve were unconstrained during fitting. A 
metal-insulator-metal (MIM, Al/SiCOH/ITO) structure was created to 
determine the C–V characteristics of the SiCOH film. For this purpose, 
aluminum (Al) dots were deposited onto the SiCOH thin films through 
electron beam evaporation. The Al dots had two areas of 0.005288 and 
0.008093 cm2 with a thickness of 120 nm. Capacitance-voltage curves of 
the MIM structure were measured using an LCR meter (J4287A, Agilent) 
at a frequency of 1 MHz. The dielectric constant (k) values were calcu-
lated from C =

kε0A
d , where C is the measured capacitance, k is the 

dielectric constant of the SiCOH film, ε0 is the vacuum permittivity 
constant (8.854 × 10−12 F/m), A is the area of the Al electrodes, and d is 
the thickness of the SiCOH film. 

Fig. 1. (a) Molecular structure of the TTMSS precursor and (b) photo of flexible SiCOH film on ITO/PEN substrate along with a schematic of cross-section of SiCOH/ 
ITO/PEN. 

Table 2 
Parameters for plasma etching process using ICP-RIE.  

Etching conditions Operating pressure 
(Pa) 

Temperature 
(◦C) 

RF power 
(W) 

ICP power 
(W) 

Etching time 
(s) 

CF4 flow rate 
(sccm) 

O2 flow rate 
(sccm) 

Ar flow rate 
(sccm) 

CF4 10.0 25 200 40 30 35 0 0 
CF4 + O2 10.0 25 200 40 30 35 24 0 
CF4 + Ar 10.0 25 200 40 30 35 0 24  
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3. Results and discussion 

3.1. Properties of pristine flexible SiCOH thin films 

Table 3 displays the material properties of the pristine flexible SiCOH 
films on ITO/PEN substrates for deposition plasma powers of 20 and 60 
W. The average k-values were 2.46 and 2.00 for the films at 20 and 60 W, 
respectively. The film deposited at 60 W had a lower k-value than the 
film at 20 W. The contact angles for the films at 20 and 60 W were 
measured to be 107.61 and 106.97◦, respectively. A hydrophobic ma-
terial is defined as having a contact angle >90◦, thus both films were 
hydrophobic in nature. The surface roughness was calculated using the 
root mean square (RMS) across the heights and depths of the surface. 
The RMS values were 0.290 and 1.070 nm for the films at 20 and 60 W, 
respectively. The films deposited at 60 W exhibited an increased 
roughness compared to the films at 20 W. The refractive indices were 
1.444 and 1.473 for the films at 20 and 60 W, respectively. It is known 
that refractive index has a positive correlation with film density, which 
generally indicates higher mechanical strength. The extinction co-
efficients were 0.00049 and 0.00003 for the films at 20 and 60 W, 
respectively. Materials with an extinction coefficient below 0.01 are 
widely considered to be transparent [47]. The elastic modulus and 
hardness values of the film at 60 W were 8.325 and 1.229 GPa, 
respectively, which were higher than the values for the film at 20 W. 
This indicates a correlation between increased film density and 
increased mechanical strength. Two flexible SiCOH films fabricated at 
different plasma powers showing different material properties were 
utilized to address etching characteristics. 

3.2. Physical properties of etched flexible SiCOH thin films 

Table 4 presents physical properties of etched flexible SiCOH thin 
films deposited at 20 and 60 W for etching with CF4, CF4 + O2, and CF4 
+ Ar plasma. Fluorine-based plasma etching is required to etch the 
SiCOH films because silicon can be removed from the film through the 
formation of volatile SiFx compounds from the reaction between silicon 
and fluorine [47,48]. In addition, carbon is removed from the film 
through the creation of volatile fluorocarbons from the reaction between 
carbon and fluorine. Ion bombardments during etching process 
contribute to breaking the Si–O and Si–C bonds of the film. Compared 
to CF4 and CF4 + O2, the etching rate was reduced for the films etched 
under CF4 + Ar gas for both 20 and 60 W. The addition of Ar gas into the 
reaction chamber is known to reduce the concentration of fluorine 
within the fluorocarbon layer that forms on the substrate surface during 
the etching process [41]. This change in fluorine concentration results in 
fewer SiFx compounds being formed, reducing the etch rate. Etch rates 
for CF4 + O2 were relatively higher with 3.89 and 3.52 nm/s for 20 and 
60 W, respectively. This can be explained by oxygen’s interaction with 
CFx radicals which contributes to an increase in CF4 dissociation causing 
more CFx radical concentration [49,50]. It was known that the etch rate 
can considerably increase by additional oxygen and oxygen radicals may 
damage the low-k films especially if they are porous [51]. Reactive ox-
ygen atoms diffused into the film break Si-CH3 bonds and form hydro-
philic Si-OH bonds [52,53]. 

The refractive index of the flexible SiCOH films before and after the 
etching process was measured. It is known that refractive index has a 
positive correlation with the density of the material [54,55]. The 

refractive index of the films at 20 W remained largely unchanged 
regardless of etching condition and slightly increased from 1.444 to 
1.450 after etching under CF4 + O2. The refractive index of the films at 
60 W was affected more significantly by the etching processes, 
increasing from 1.473 regardless of the composition of the etching 
plasma. The film etched under CF4 etching gas exhibited the largest 
refractive index of 1.524, followed by 1.513 and 1.496 for the films 
etched under CF4 + O2 and CF4 + Ar, respectively. An increase in 
refractive index is expected to be correlated with less porosity, i.e., 
densification of the film causing a higher k-value [56,57]. It is possible 
that the SiCOH films at 60 W could bring increased k-values after etching 
process based on the increased refractive index. The extinction coeffi-
cient of the flexible SiCOH films before and after the etching process was 
also measured. Low extinction coefficient values are important for 
several flexible device applications, such as flexible displays. It was 
generally accepted that materials having the extinction coefficient 
below 0.01 are transparent [47]. The pristine and etched films all 
showed extinction coefficient values substantially lower than 0.01, 
ranging from 0.00049 to 0.00003, confirming the films to be transparent 
in nature. The extinction coefficient was hardly affected by the etching 
process, retaining transparency. 

Fig. 2(a)-(d) presents the AFM surface morphology of the pristine 
and etched flexible SiCOH thin films with CF4, CF4 + O4, and CF4 + Ar 
plasma, respectively. The deposition plasma power was 20 W. Each scan 
was performed over a 1 μm × 1 μm area of the SiCOH films. The dif-
ference between the highest and lowest points of the scanned areas is 
shown by the vertical scale bars on the right of each image. The height 
range of the pristine film was 3.1 nm. The films etched under CF4 and 
CF4 + O2 plasma had increased height ranges of 4.6 and 3.5 nm, 
respectively, while the film etched under CF4 + Ar had a decreased 
height range of 2.5 nm. Fig. 3(a)-(d) shows the AFM surface morphology 
of the pristine and etched flexible SiCOH thin films with CF4, CF4 + O2, 
and CF4 + Ar plasma, respectively, when the deposition plasma power 
was 60 W. The height range of the pristine film was 8.6 nm. The film 
etched under CF4 had a slightly increased height range of 8.7 nm, while 
the films etched under CF4 + O2 and CF4 + Ar had decreased height 
ranges of 2.2 and 6.1 nm, respectively. It was observed that overall 
morphology of the films after etching in CF4 + O2 showed smoother than 
those in CF4 and CF4 + Ar for both 20 and 60 W. 

The RMS roughness values were calculated from the AFM surface 
topography scans of the pristine and etched flexible SiCOH thin films. It 
is known that etch chemistry has an effect on surface roughness, and that 
surface roughness and film porosity have a positive correlation [58]. The 
surface roughness values were all below 1.1 nm, which is quite low 
compared to the measured film thickness of 400 to 500 nm. The 
roughness of the pristine film at 20 W was 0.290 nm, which increased to 
0.513 and 0.451 nm after etching under CF4 and CF4 + Ar plasma, 
respectively. A slight reduction of roughness to 0.241 nm was observed 
following etching under CF4 + O2. The roughness of the pristine film at 
60 W was 1.070 nm, which decreased to 0.916, 0.229, and 0.747 nm for 
the films etched under CF4, CF4 + O2, and CF4 + Ar, respectively. The 
flexible SiCOH thin films etched under CF4 + O2 showed the lowest 
roughness values for the films deposited at both plasma powers. This 
was consistent with the surface morphology images, showing smoother 
surfaces for CF4 + O2. 

The contact angle values were obtained for the pristine and etched 
flexible SiCOH thin films to observe the surface wettability. A material 

Table 3 
Material properties of pristine flexible SiCOH thin films.  

Plasma power 
(W) 

Dielectric constant 
(k) 

Contact angle 
(degree) 

RMS roughness 
(nm) 

Refractive 
index 
(n) 

Extinction coefficient 
(k) 

Elastic modulus 
(GPa) 

Hardness 
(GPa) 

20 2.46 107.61 0.290 1.444 0.00049 1.418 0.042 
60 2.00 106.97 1.070 1.473 0.00003 8.325 1.229  
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Table 4 
Physical properties of etched flexible SiCOH thin films.  

Deposition plasma power (W) Etching condition Etch rate (nm/s) Refractive index Extinction coefficient RMS roughness (nm) Contact angle (degree) 

20 
Pristine – 1.444 0.00049 0.290 107.61 
CF4 2.74 1.448 0.00039 0.513 93.98 
CF4 + O2 3.89 1.450 0.00031 0.241 63.40 
CF4 + Ar 0.41 1.449 0.00034 0.451 70.88 

60 
Pristine – 1.473 0.00003 1.070 106.97 
CF4 4.09 1.524 0.00020 0.916 73.57 
CF4 + O2 3.52 1.513 0.00036 0.229 22.14 
CF4 + Ar 1.58 1.496 0.00017 0.747 64.55  

Fig. 2. AFM surface morphology of (a) pristine and etched flexible SiCOH thin films using etching gases of (b) CF4, (c) CF4 + O2, and (d) CF4 + Ar for the deposition 
plasma power of 20 W. 

Fig. 3. AFM surface morphology of (a) pristine and etched flexible SiCOH thin films using etching gases of (b) CF4, (c) CF4 + O2, and (d) CF4 + Ar for the deposition 
plasma power of 60 W. 
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with a contact angle above 90◦ is considered hydrophobic, while a 
contact angle below 90◦ suggests that the material is hydrophilic. The 
contact angle values for the pristine SiCOH films were found to be 
107.61◦ and 106.97◦ for the films at 20 and 60 W, respectively, which 
indicated both the pristine films were hydrophobic. The contact angle of 
the flexible SiCOH films decreased significantly following the etching 
process due to plasma damage. All but one of the etched films had a 
contact angle values <90◦, marking them as hydrophilic. The hydro-
philic surface is associated with a reduction in methyl groups due to the 
reaction between the film surface and plasma during the etching process 
[59]. It was known that the SiCOH films become hydrophilic due to 
plasma damage and have an increased dielectric constant when water 
adsorption easily occurs on the film surface [59]. The film deposited at 
20 W after etching in CF4 had a contact angle of 93.98◦, meaning that it 
was slightly hydrophobic. The largest drop in contact angles of 63.40 
and 22.14◦ were observed after etching in CF4 + O2 for the films at 20 
and 60 W, respectively. The most hydrophilic surface was obtained by 
adding O2 to CF4 plasma for both 20 and 60 W. It is likely that the 
etching in CF4 + O2 induced smoother and more hydrophilic surface. 
Overall, the flexible SiCOH thin films became more hydrophilic as a 
result of additional etchant such as Ar or O2 to CF4 plasma during the 
etching process. 

3.3. FTIR analysis 

The chemical composition of the flexible SiCOH films before and 
after etching was determined using FTIR analysis. Fig. 4(a) and (b) 
presents the FTIR spectra of the pristine and etched flexible SiCOH films 
deposited at plasma powers of 20 and 60 W, respectively, in the wave-
numbers of 1500–650 cm−1. Three prominent peaks in the FTIR spectra 
were associated with Si-O-Si stretching, Si-CH3 bending, and Si-(CH3)x 
stretching modes at the wavenumbers of 1200–900, 1300–1200, and 
950–650 cm−1, respectively [58]. Additionally, CHx stretching mode 
was found at 3100–2800 cm−1. The CHx stretching peak was not shown 
due to its relatively lower peak intensity than the other three peaks. Both 

deposition plasma power and etch chemistry influenced the chemical 
bond structure of the flexible SiCOH films. For the pristine SiCOH films, 
overall peak intensities increased as the plasma power increased from 20 
to 60 W. The intensity of the Si-CH3 bending peak increased greatly 
following etching for both plasma powers. The films at 20 W displayed a 
comparatively narrow Si-O-Si stretching mode with a higher peak in-
tensity while the films at 60 W showed a broader Si-O-Si stretching mode 
without much change in its peak intensity after the etching process. The 
Si-(CH3)x stretching mode changed its peak shape varying its constituent 
peaks after the etching process. Fig. 4(c) shows the peak area ratio for 
the four major peaks in the FTIR spectra for the films deposited at 20 and 
60 W before and after the etching process. The peak area ratio values 
were calculated by dividing the peak area of the peak in question by the 
total peak area of all four peaks. The Si-O-Si stretching mode was 
dominant for all SiCOH films both before and after etching. For the films 
at 20 W, the peak area ratio of the Si-O-Si stretching mode was 52.9%, 
which increased to 60.1, 57.1, and 56.0% following etching under CF4, 
CF4 + O2, and CF4 + Ar, respectively. Likewise, for the films at 60 W, the 
peak area ratio of the Si-O-Si stretching mode was 55.9%, which 
increased to 69.5, 63.8, and 66.4% following etching under CF4, CF4 +
O2, and CF4 + Ar, respectively. The fraction of the Si-O-Si stretching 
mode increased by the most after etching in CF4 for both 20 and 60 W. 
The Si-(CH3)x stretching mode had the second largest peak area ratio 
both before and after etching. For the films at 20 W, the peak area ratio 
of the Si-(CH3)x stretching mode was 40.3%, which decreased to 27.8, 
30.4, and 31.4% following etching under CF4, CF4 + O2, and CF4 + Ar, 
respectively. For the films at 60 W, the peak area ratio of the Si-(CH3)x 
stretching mode was 36.9%, which decreased to 21.3, 23.9, and 22.2% 
following etching under CF4, CF4 + O2, and CF4 + Ar, respectively. The 
films for both 20 and 60 W showed the largest decrease in the fraction of 
the Si-(CH3)x stretching mode after etching in CF4. The Si-CH3 bending 
and CHx stretching modes had their peak area ratios below 10% after 
etching for both 20 and 60 W. The peak area ratio for both modes 
slightly increased following the etching process. As the plasma power 
increased from 20 to 60 W, overall peak area ratios of the Si-O-Si 

Fig. 4. FTIR spectra of pristine and etched flexible SiCOH thin films at deposition plasma powers of (a) 20 W and (b) 60 W and (c) calculated peak area ratios of four 
prominent absorption bands. Etching gases were selected among CF4, CF4 + O2, and CF4 + Ar. 
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stretching mode increased while those of the Si-(CH3)x stretching mode 
decreased after etching process. The reduction in the Si-(CH3)x stretch-
ing mode indicated a removal of the methyl groups by reactive radicals 
during etching process. More reduction in methyl groups was observed 
for 60 W, expecting more hydrophilic SiCOH films and thus increased k- 
values. 

A series of FTIR spectra stacks which isolate the region of the Si-O-Si 
stretching, Si-CH3 bending, Si-(CH3)x stretching, and CHx stretching 
absorption bands for pristine and etched flexible SiCOH thin films can be 
seen in the Supplementary Information (Fig. S2). All four peaks 
changed their shape intensity after etching process. For the Si-O-Si 
stretching peaks after etching, the peak intensity increased for 20 W 
while the peak became broader without an increase in the peak in-
tensity. The peak center shifted to higher wavenumbers for both 20 and 
60 W. The shape and broadness of the Si-O-Si peak could affect the 

fraction of constituent peaks of cage, network, and suboxide structures. 
The peak intensity of the Si-CH3 bending peak considerably increased 
after etching. For the Si-(CH3)x and CHx stretching peaks, overall peak 
intensities increased and the peak shape was changed after etching, 
possibly causing a change in the peak area ratios of constituent peaks. 

Fig. 5(a)-(d) shows the deconvolution of the Si-O-Si stretching, Si- 
CH3 bending, Si-(CH3)x stretching, and CHx stretching modes of the 
flexible SiCOH films after etching under CF4 plasma as a representative, 
respectively. The deconvolution of each mode was useful to analyze the 
change in the chemical structures after etching. The graphs on the top 
and the bottom for each figure were taken from the films deposited at 20 
and 60 W, respectively. The peaks after etching under CF4 + O2 and CF4 
+ Ar were also deconvoluted in the same manner. The Si-O-Si stretching 
mode was deconvoluted into three peaks of cage, network, and suboxide 
structures, assigning to their respective wavenumbers of 1135, 1063, 

Fig. 5. Deconvolution of FTIR spectra of (a) Si-O-Si stretching, (b) Si-CH3 bending, (c) Si-(CH3)x stretching, and (d) CHx stretching absorption bands for etched 
flexible SiCOH thin films using CF4. Deposition plasma powers were 20 and 60 W. 
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1023 cm−1 [36]. The cage, network, and suboxide peaks approximately 
corresponded to Si-O-Si bonding angles of 150◦, 140◦, and <140◦, 
respectively [36]. The dominant structure was the network structure, 
followed by the suboxide and cage structures for both plasma powers. 
The Si-CH3 bending mode was deconvoluted into three peaks of M-, D-, 
and T-groups assigned to their respective wavenumbers of 1254, 1262, 
and 1273 cm−1 [36,60]. The M-, D-, and T-groups corresponded to O-Si- 
(CH3)3, O2-Si-(CH3)2, and O3-Si-CH3 bond configurations, respectively 
[34]. They were named based on the bonding state determined by the 
silicon atom incorporated with the oxygen atoms and the methyl func-
tional groups [61]. The M-group consists of one oxygen atom and three 
methyl groups connected to a single silicon atom. The D-group is 
involved with two oxygen atoms and two methyl groups connected to 
one silicon atom. The T-group consists of three oxygen atoms and one 
methyl group connected to one silicon atom. The M-group was dominant 
for the film at 20 W, followed by the D- and T-groups. The D-group was 
dominant for the film at 60 W, followed by the M- and T-groups. The Si- 
(CH3)x stretching mode was deconvoluted into six peaks: H-SiO3, H- 
SiO2-Si, Si-(CH3)3, Si-(CH3)2, Si-(CH3)1, and Si-O-Si, located at wave-
numbers of 890, 865, 840, 803, 758, and 710 cm−1, respectively [27]. 
The Si-(CH3)2 peak was most prominent for the films deposited at both 
plasma powers. The H-SiO2-Si and Si-O-Si peaks were present only in the 
film at 20 W. Conversely, the H-SiO3 peak was present only in the film at 
60 W. The Si-(CH3)3 and Si-(CH3)1 peaks showed reduced peak intensity 
and increased broadness as the plasma power increased from 20 to 60 W. 
The deconvoluted peaks of the CHx stretching mode varied depending 
on the deposition plasma power and etching conditions. It was known 
that the CHx stretching mode consists of several symmetric (νs) and 
asymmetric (νas) CHx stretching modes: νas CH2, νas CH1, νs CH2, νas CH2, 
νas CH2, νs CH1, νs CH3, and νs CH2 modes at their corresponding 

wavenumbers of 3027, 3001, 2967, 2933, 2915, 2902, 2880, and 2857 
cm−1 [62,63]. The SiCOH film at 20 W etched in CF4 showed νas CH2, νs 
CH2, and νs CH1 modes at wavenumbers of 3027, 2967, and 2902 cm−1, 
respectively. In comparison, The SiCOH film at 60 W etched in CF4 
showed νas CH1, νs CH2, νas CH2, and νs CH3 modes at wavenumbers of 
3001, 2967, 2915, and 2880 cm−1, respectively. A large fraction of the 
deconvoluted peak was νs CH2 and νas CH2 for 20 and 60 W, respectively. 
The constituent peaks of four prominent peaks after each deconvolution 
were varied depending etching conditions and are explained with peak 
area ratios as shown in Fig. 6 and in the Supplementary Information 
(Fig. S3). 

Fig. 6(a) and (b) shows the peak area ratios of the deconvoluted 
absorption peaks of the Si-O-Si stretching mode for the pristine and 
etched flexible SiCOH films deposited at 20 and 60 W, respectively. For 
the films at 20 W, the pristine film had a similar fraction for the suboxide 
and network structures at 48.4 and 47.6%, respectively, with a small 
fraction of the cage structure below 4.0%. The cage structure did not 
change its fraction after etching. Etching under CF4 plasma caused the 
fraction of the suboxide structure to decrease from 48.4 to 27.0%, while 
the fraction of the network structure increased from 47.6 to 69.1%. The 
addition of Ar or O2 to the plasma caused the fraction of the suboxide 
structure to decrease substantially to 13.0 and 2.7%, respectively. 
Conversely, the addition of Ar or O2 caused the fraction of the network 
structure to increase to 85.7 and 92.2%, respectively. For the films at 60 
W, the pristine film had a dominant suboxide structure followed by 
network and cage structures. The fraction of the cage structure 
decreased after etching. The suboxide structure was dominant for the 
pristine film with a fraction of 52.9%, but the etched films displayed 
significantly decreased fractions, down to 23.1, 7.2, and 5.5% under 
CF4, CF4 + O2, and CF4 + Ar, respectively. The network structure had a 

Fig. 6. Peak area ratios for deconvoluted absorption bands of Si-O-Si for etched flexible SiCOH thin films for the deposition plasma powers of (a) 20 and (b) 60 W and 
Si-CH3 for etched flexible SiCOH thin films deposited at (c) 20 and (d) 60 W. Etching gases were selected among CF4, CF4 + O2, and CF4 + Ar. 
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fraction of 32.7% for the pristine film, which increased significantly to 
65.0, 85.0, and 88.3% under etching in CF4, CF4 + O2, and CF4 + Ar, 
respectively. The network structure of the films was most dominant after 
etching under CF4 + Ar. Overall, the portion of the network structure 
increased and the portion of the suboxide decreased after etching for 
both 20 and 60 W. Fig. 6(c) and (d) shows the peak area ratios of the 
deconvoluted absorption peaks of the Si-CH3 bending mode for the 
pristine and etched flexible SiCOH films deposited at 20 and 60 W, 
respectively. For the pristine film at 20 W, the M-group was dominant at 
75.6%, followed by the D- and T-groups at 21.7 and 2.7%, respectively. 
The peak area ratio of the M-group increased to 75.6, 80.1, and 98.1% 
after etching under CF4, CF4 + O2, and CF4 + Ar, respectively. 
Conversely, the peak area ratio of the D-group decreased to 29.0, 19.9, 
and 1.9% after etching under CF4, CF4 + O2, and CF4 + Ar, respectively. 
The M-group was still dominant following etching. Interestingly, the T- 
group disappeared after etching. For the pristine film at 60 W, the M- 
group was dominant at 61.7%, followed by the D- and T-groups at 32.9 
and 5.4%, respectively. The peak area ratio of the M-group decreased 
substantially to 21.1, 24.8, and 34.3% after etching under CF4, CF4 + O2, 
and CF4 + Ar, respectively. Conversely, the peak area ratio of the D- 

group increased substantially to 73.8, 71.1, and 62.3 after etching under 
CF4, CF4 + O2, and CF4 + Ar, respectively. The peak area ratio of the T- 
group was not changed much after the etching process. For both pristine 
films at 20 and 60 W, the M-group was dominant. After etching process, 
the M-group was still dominant for the film at 20 W, but the M-group 
became recessive, and the D-group was prominent for the film at 60 W. 
The increased peak area ratio of the D-group after etching of the films at 
60 W indicated that methyl groups were removed by the etching process. 
This corresponded with increased refractive index values observed for 
the films at 60 W after etching, as the removal of methyl groups allowed 
for more cross-linking within the films. Additionally, the significant 
reduction of contact angle observed for the films at 60 W after etching 
was associated with the reduction in methyl groups observed from the 
increased prominence of the D-group [59]. 

The peak area ratios of the deconvoluted absorption peaks of the Si- 
(CH3)x and CHx stretching modes for the pristine and etched flexible 
SiCOH films can be seen in the Supplementary Information (Fig. S3). 

Fig. 7. XPS spectra stack of (a) C1s, (b) Si2p, and (c) F1s peaks of pristine and etched SiCOH thin films using various etch gases for the deposition plasma powers of 
20 and 60 W. 
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3.4. XPS analysis 

The chemical bond structure and elemental composition of the 
flexible SiCOH thin films before and after etching were determined using 
an XPS analysis. From the XPS survey scans, four prominent peaks were 
identified as F1s (~688 eV), O1s (~533 eV), C1s (284.8 eV), and Si2p 
(~150 eV) [40,46]. A peak identified as Si2s (~250 eV) was also found 
with a low intensity. The O KLL (~980 eV) and F KLL (~830 eV) peaks 
were attributed to Auger electron emission related to oxygen and fluo-
rine, respectively [64]. The F1s peak became present in the SiCOH thin 
films following etching, resulting from the interaction between the CF4 
etching gas and the film. 

Fig. 7(a)-(c) presents the XPS spectra stack of C1s, Si2p, and F1s 
peaks of pristine and etched SiCOH thin films using various etch gases, 
respectively. The graphs on the top and the bottom for each figure were 
taken from the films deposited at 20 and 60 W, respectively. The peak 
intensity of both C1s and Si2p peaks was depressed after etching for both 
20 and 60 W. The peak intensity of F1s peak was much greater for the 
film etched under CF4 and CF4 + Ar etching gases than for the film 
etched under CF4 + O2. It is probable that the film was more interactive 
with oxygen radicals than fluorine radicals, resulting in suppressed F1s 
peak. While the peak center of the C1s peak stayed almost constant, the 
Si2p peak shifted its peak center to a lower binding energy within a 
range of 0.203–0.953 eV except for etching in CF4 for 20 W. The largest 
shift of 0.953 eV was observed for etching in CF4 + O2 at 60 W. The peak 
center of the F1s peak was different depending on etching conditions. 
The peak centers of the F1s for etching in CF4 were 686.2 and 687.9 eV 
for 20 and 60 W, respectively. When Ar or O2 was added to CF4, the peak 
center shifted to a higher binding energy for 20 W and to a lower binding 
energy for 60 W. For example, the peak shifted to a higher binding en-
ergy with 1.4 eV for the film at 20 W after etching in CF4 + Ar and to a 
lower binding energy with 1.0 eV for the film at 60 W after etching in 
CF4 +O2. It is possible that the shift of the F1s peak was due to formation 
of fluorine compounds due to the interaction between etching gas and 
the film surface. 

Fig. 8(a) and (b) shows the atomic concentrations of the flexible 
SiCOH films before and after etching for the films deposited at 20 and 60 
W, respectively. The atomic concentration of the films was calculated 
using the peak area ratio of the four prominent peaks of Si2p, C1s, O1s, 
and F1s found in the XPS high-resolution scans. To investigate the dif-
ference in elemental composition between the surface layer and the bulk 
material, additional high-resolution scans of four peaks were performed 
after 2 min of Ar ion sputtering. After etching process, fluorine 

concentration was observed and more fluorine was found for 60 W. The 
elemental composition of the pristine SiCOH film at 20 W was 43.4% 
carbon, 37.4% silicon, and 19.2% oxygen. While the carbon content of 
the films etched under CF4 and CF4 + Ar remained almost the same, the 
carbon concentration of the film etched under CF4 + O2 decreased to 
29.3%. The concentration of silicon decreased to 24.6, 30.6, and 24.8% 
for the films etched under CF4, CF4 + O2, and CF4 + Ar, respectively. The 
oxygen concentration of the film etched under CF4 + O2 significantly 
increased to 35.6%, but remained almost consistent between the pristine 
film and the films etched under CF4 and CF4 + Ar. The fluorine con-
centrations of 14.2 and 14.1% were found in the films following etching 
under CF4 and CF4 + Ar, respectively. Interestingly, a smaller fluorine 
concentration of 4.5% was observed after etching under CF4 + O2. It is 
likely that oxygen radicals are more reactive with the film compared to 
fluorine radicals. Following the 2 min of Ar ion sputtering process, the 
atomic concentrations of the etched films were comparable to those of 
the pristine film at 20 W although the etched film in CF4 + O2 showed 
some deviation from the pristine concentrations. A small concentration 
of fluorine (~1%) was still detected within the etched films following 
the Ar sputtering. The elemental composition of the pristine SiCOH film 
at 60 W was 41.0% carbon, 39.0% silicon, and 20.0% oxygen. Slightly 
lower carbon concentration was obtained, compared to the film at 20 W. 
The carbon concentration of the film etched under CF4 + O2 decreased 
to 28.1%, but remained consistent between the pristine film and the 
films etched under CF4 and CF4 + Ar. The concentration of silicon 
decreased to 21.3, 28.3, and 22.2% for the films etched under CF4, CF4 
+ O2, and CF4 + Ar, respectively. The oxygen concentration significantly 
increased to 37.6% for the film etched under CF4 + O2 but slightly 
increased within ~2% for the films etched under CF4 and CF4 + Ar. 
Fluorine concentrations of 18.2 and 17.1% were found for the films 
etched under CF4 and CF4 + Ar, respectively, while a smaller concen-
tration of fluorine of 6.0% was found for the film etched under CF4 + O2. 
Similar to the films at 20 W, the atomic concentrations of the pristine 
and etched films at 60 W were comparable following the 2 min of Ar ion 
sputtering. A small concentration of fluorine (~1%) was detected within 
the etched films following the Ar sputtering. 

It was known that damage of the SiCOH film is the result of a 
competition between the etch rate and the diffusion rate of active spe-
cies such as O and F. The diffusion of the etching species to the film 
should stop at some point. The sputtered depth through the 2 min of Ar 
ion sputtering was speculated around 10–30 nm. From the elemental 
analysis after the sputtering, all elemental compositions of C, Si, and O 
were almost recovered to those of the pristine film. Thus, 

Fig. 8. Atomic concentrations of pristine and etched flexible SiCOH thin films using various etching gases for deposition plasma powers of (a) 20 and (b) 60 W. 
Atomic concentrations of etched films were measured additionally after 2 min of Ar ion sputtering. 
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physicochemical modification or damage may appear at the top surface 
of the film, over the depth of around 10–30 nm. 

Fig. 9(a) and (b) presents the deconvolution of the C1s peaks for the 
flexible SiCOH films deposited at 20 and 60 W, respectively, before and 
after etching. The C1s peak was deconvoluted into six peaks of C-H/C-C, 
C-CFx, C––O, C–F, C–F2, and C–F3, located at approximate binding 
energies of 284.8, 286.4, 287.6, 289.2, 291.4, and 293.8 eV, respectively 
[41,45,46,65]. Their peak area ratios were also calculated. For the 
pristine film at 20 W, the C-H/C-C peak was dominant with the peak area 
ratio of 93.4%, followed by the C––O peak with 6.6%. The etched films 
showed the incorporation of fluorine atoms into the film structure, 
indicating the formation of a fluorocarbon layer during the etching 
process. This resulted in appearance of fluorocarbon peaks such as C- 
CFx, C–F, and C–F2 peaks except C–F3 peak. The dominant C-H/C-C 
peak showed the reduction in the peak area ratios of 79.7, 88.4, and 
87.6% after etching in CF4, CF4 + O2, and CF4 + Ar, respectively. The 
peak area ratios of the C-CFx peak were 19.6, 8.9, and 8.1% for etching 
in CF4, CF4 + O2, and CF4 + Ar, respectively. The rest of fluorocarbon 
peaks had their peak area ratios below 2.3%. The C––O peak was 
observed with <1.1% for all etching conditions. For the pristine film at 
60 W, the C-H/C-C peak was dominant with the peak area ratio of 
93.5%, followed by the C––O peak with 6.5%. Compared to the film at 
20 W, the dominant C-H/C-C peak showed the further reduction in the 
peak area ratios of 69.0, 82.6, and 74.4% after etching in CF4, CF4 + O2, 
and CF4 + Ar, respectively. All fluorocarbon peaks were detected for 
etching in CF4 and three of them except C–F3 were for etching in CF4 +
O2 and CF4 + Ar. The peaks with the largest area ratio among the 
fluorocarbon peaks were C–F for CF4 and CF4 + Ar with their respective 
ratios of 19.1 and 18.4% and C-CFx for CF4 + O2 with 10.7%. The C––O 
peak was not observed for all etching conditions. 

The deconvolution of the Si2p peak for the flexible SiCOH films 
before and after etching can be seen in the Supplementary Information 
(Fig. S4). The Si2p peak was deconvoluted into three peaks of M-, D-, 
and T-groups assigned to their binding energies of 101.9, 102.9, and 
103.7 ± 0.1 eV, respectively [30]. The M-, D-, and T-groups were 
attributed to O-Si-C3, O2-Si-C2, and O3-Si-C bonding configurations, 
respectively. Their peak area ratios were also calculated. The constituent 
bonding configuration of the Si2p peak was considerably affected by 
both the film composition and the etching gas mixture. 

As stated previously, an F1s peak was observed in the XPS spectra of 
the SiCOH thin films following etching due to interactions between the 
CF4 etching gas and the film. The deconvolution of the F1s peaks for 
etched flexible SiCOH thin films using various etching gases can be seen 
in the Supplementary Information (Fig. S5). The F1s peak was 
deconvoluted into three peaks of C–F, C–F2, and C–F3 with their 
respective binding energies of 686.3–686.9, 687.3–689.1, and 
690.7–691.1 eV. The deconvolution of the F1s peak was compared to 
that of the C1s peak to support the validity of its results. In the decon-
volution of the C1s peak, C-CFx, C–F, and C–F2 were found with a main 
portion of C-H/C-C for both 20 and 60 W and only C–F3 was found in 
etching in CF4 for 60 W. This aligned with the results of the peak 
deconvolution of the F1s peak and demonstrated that the results from 
the C1s and F1s peak analysis were well matched. 

Fig. 9. Deconvolution of the C1s peaks for pristine and etched flexible SiCOH thin films using various etching gases for deposition plasma powers of (a) 20 and (b) 
60 W. 

Fig. 10. Dielectric constant of pristine and etched flexible SiCOH thin films 
using various etching gases for deposition plasma powers of 20 and 60 W. 
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3.5. Dielectric constant 

Fig. 10 shows the dielectric constant (k) for the pristine and etched 
flexible SiCOH thin films. The pristine film at 20 W had a k-value of 2.46, 
while the films etched under CF4, CF4 + O2, and CF4 + Ar had values of 
2.48, 2.44, and 2.23, respectively. The k-values of the SiCOH films at 20 
W were not much affected by etching process. The pristine film at 60 W 
had the k-value of 2.00. The k-values of the films at 60 W increased 
substantially following the etching process and were 2.98, 3.05, and 
3.10 for CF4, CF4 + O2, and CF4 + Ar, respectively. The increase in the k- 
values of the etched 60 W films could be caused by possible plasma 
damage to the film during the reaction between the etching species and 
the film [44,66]. Evidence of plasma damage in the films at 60 W after 
etching was expressed in the contact angle, refractive index, and FTIR 
results. Plasma damage resulted in the removal of methyl groups from 
the etched films, as observed by the increased dominance of the D-group 
from the deconvolution of the Si-CH3 peak of FTIR. The reduction of 
methyl groups corresponded increased surface hydrophilicity [59]. 
Additionally, the reduction of methyl groups allowed for increased 
cross-linking within the film, increasing its density and thus its refractive 
index. It was known that the increase in the refractive index induces the 
increased k-values [54,55]. The SiCOH films at 20 W had little change in 
the refractive index whereas the films at 60 W showed the increased 
refractive index after the etching process. The increased refractive index 
after etching resulted in higher k-values. Lastly, the change in the peak 
area ratios from the FTIR spectra were different for the films at 20 and 
60 W. After the etching process, the peak area ratios of two major peaks 
of Si-O-Si and Si-(CH3)x for the film at 20 W increased by 3.1–7.2% and 
decreased by 8.9–12.5%, respectively. In comparison, the peak area 
ratios of Si-O-Si and Si-(CH3)x for the films at 60 W increased by 
7.9–13.6% and decreased by 13.0–15.6%, respectively, after etching. It 
is possible that the increased fraction of dominant chemical configura-
tions resulted from the etching process led to higher k-values. 

4. Conclusions 

The flexible SiCOH thin films onto ITO/PEN substrates were pre-
pared by PECVD of the TTMSS precursor at deposition plasma powers of 
20 and 60 W, and the chemical structures of the films were investigated 
after ICP-RIE process under CF4, CF4 + O2, and CF4 + Ar. After the 
etching process, the refractive index of the films at 20 W remained un-
changed while the films at 60 W showed the increased refractive index. 
The contact angles decreased considerably decreased following the 
etching process, many of the etched films being hydrophilic. The FTIR 
spectra identified prominent absorption bands as Si-O-Si stretching, Si- 
(CH3)x stretching, Si-CH3 bending, and CHx stretching vibration modes. 
The etching process induced the increase in the fraction of Si-O-Si 
stretching mode and the decrease in the fraction of Si-(CH3)x stretch-
ing mode, indicating the removal of methyl groups from the film. It is 
notable that the SiCOH films at 60 W after etching showed evidence of 
increased methyl group removal, both from a decrease in the amount of 
Si-(CH3)x and from an analysis of the Si-CH3 deconvolution. The peak 
area ratio analysis from the XPS C1s, Si2p, and F1s spectra demonstrated 
that the bonding configuration was substantially affected by the etching 
process. All etched films showed a significant concentration of fluorine, 
indicating the formation of a fluorocarbon layer. The k-values of the 
films at 20 W were insensitive to etching conditions while those of the 
films at 60 W increased substantially following etching. The increase in 
the k-values after the etching process was directly associated with the 
change in chemical configuration, surface wettability, and refractive 
index. The insensitivity of the flexible SiCOH films deposited at 20 W to 
various etching conditions is advantageous for their use as inter-metal 
dielectrics and demonstrates that the traditional dry etching proced-
ures remain applicable for flexible electronic device fabrication. 
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