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ABSTRACT

Flexible low-dielectric constant (low-k, k\ 4.0) SiCOH films were deposited

onto ITO/PEN flexible substrates by plasma-enhanced chemical vapor deposi-

tion of tetrakis(trimethylsilyloxy)silane precursor at room temperature with

plasma powers from 20 to 100 W. The pristine SiCOH films had a mechanical

strength up to 9.1 GPa and a low k-value down to 2.00, and they were trans-

parent, smooth, and hydrophobic. As the plasma power increased, there were

an increase in the suboxide structure, increase in density, and decrease in the

methyl group concentration. In the lower plasma power regime of 20–60 W, the

k-value decreased as the plasma power increased due to the increased suboxide

structure. In the higher plasma power regime of 60–100 W, the k-value increased

as the plasma power increased due to the decreased methyl concentration and

increased density. The mechanical properties increased as the plasma power

increased. Upon repeated mechanical bending tests with bending cycles up to

10,000, the flexible SiCOH films maintained their transparency, smoothness, and

hydrophobicity and showed a stable k-value below 4.0. There were no signifi-

cant changes in the FTIR spectra and no cracks or delamination observed in the

films. The SiCOH films showed stable physical, chemical, and electrical prop-

erties under the repeated mechanical bending.

Introduction

The microelectronics and semiconductor industries

continue to push the boundaries of materials science.

One specific example is the continued progress of

increasing transistor density for integrated circuit

(IC) chips. The industry has been motivated to follow

the idea set by Moore’s law [1]. These chips are made

by two encompassing processes called the front end

of line (FEOL) and back end of line (BEOL). The

FEOL manufacturing process creates the functional
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components of the IC chip, such as transistors. The

metal lines and vias connect the functional devices

within the FEOL to each other. The interlayer

dielectrics surround the metal lines and vias for both

the local and global interconnects. The purpose of the

interconnect structure is to use the metal lines and

vias to conduct electrical signals from one transistor

to another through the local interconnect, and verti-

cally to the contact pads external to the IC chip. The

BEOL structure can be a limiting factor on the per-

formance of an IC chip due to the resistance-capaci-

tance (RC) delay. An increased RC delay reduces the

effective speed of an IC chip [2]. The RC delay for an

interconnect structure is calculated by an equation

RC ¼ 2qke0 4L2

P2 þ L2

T2

� �
, where e0 is the vacuum per-

mittivity, q is resistivity of the metal line, and k is the

relative dielectric constant of the dielectric material

[3]. RC delay also depends on geometry, where L is

the metal line length, P is the metal pitch, and T is the

dielectric thickness. As IC chip features scale down to

increase the transistor density, both L/P and L/T ratios

increase, resulting in an increased RC delay. There-

fore, in order to reduce the RC delay, both the resis-

tivity and dielectric constant must be reduced.

Traditionally, aluminum (Al) and silicon oxide

(SiO2) were utilized for the metal and dielectric

materials for interconnects, respectively. The indus-

try had replaced aluminum (2.6910-8 X�m) with the

lower resistivity copper (Cu, 1.7910-8 X�m) in the

late 1990s [4–6]. Next, the industry replaced SiO2

(k = 4.2) dielectrics with low dielectric constant (low-

k, k\ 3.5) SiCOH [5]. Another benefit of utilizing

low-k materials for interconnects is the reduced

power consumption. The relationship between the

capacitance and power consumption (P) can be

expressed by an equation, P ¼ CV2f , where C is the

capacitance, V is the operating voltage, and f is the

operating frequency [5]. A lower dielectric constant

results in a lower capacitance and therefore lower

power consumption.

On the other hand, the microelectronics and semi-

conductor industries are also increasing research on

flexible electronics [7, 8]. These are different from the

traditional rigid electronics that are developed on

silicon (Si) wafers. Flexible electronics typically uti-

lize polymer substrates that allow bending or

stretching of the electronic device, which drastically

expands its applications. This technology has proven

to be useful in industry and research to create flexible

displays, wearable devices, and flexible solar cells

[9–12]. One of the materials utilized by thin film

transistors (TFT) devices is flexible dielectric films

[7, 8]. It has been reported that the flexible dielectric

films with high dielectric constants (k[ 3.9) can be

used to improve gate performance of TFTs fabricated

on flexible substrates [7]. However, few reports have

been found in development of flexible dielectric films

with low dielectric constant (k\ 3.9) fabricated on

flexible substrates. Some applications of flexible

materials have additional requirements. For example,

transparency is often required for flexible displays.

Polymers typically have low glass transition tem-

peratures, making them susceptible to damage from

elevated temperatures. For example, polyethylene

naphthalate (PEN) has a glass transition temperature

of 120 �C [13]. This limits the process temperature

below 120 �C in order to prevent the glass transition

of the PEN polymer substrate. Using polymer sub-

strates for flexible electronics requires process tem-

perature as low as possible.

In this study, flexible low-k SiCOH films were

prepared by plasma-enhanced chemical vapor

deposition (PECVD) of a single precursor of

tetrakis(trimethylsilyloxy)silane (TTMSS, C12H36O4-

Si5) at different plasma deposition conditions, yield-

ing the films with varying material properties.

Physical properties including refractive index,

extinction coefficient, morphology and roughness,

and contact angle were analyzed. Chemical struc-

tures and elemental composition were studied. One

of the electrical properties, dielectric constant, was

correlated with physical and chemical properties.

Elastic modulus and hardness were measured to

study mechanical properties. The pristine SiCOH thin

films were then used for bending tests up to 10,000

bending cycles. Characterization of physical, chemi-

cal, and electrical properties after bending tests was

conducted to determine any effect on the SiCOH

films. Altogether, this research aims to characterize

SiCOH films and determine the applicability of such

films for flexible electronics by observing the effects

of repeated mechanical bending tests.

Experimental details

Flexible SiCOH thin films were deposited onto flexi-

ble ITO/PEN (indium tin oxide/polyethylene naph-

thalate) substrates by the PECVD process of the
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TTMSS (Sigma Aldrich, 97% purity) precursor. Fig-

ure 1 shows the molecular structure of the TTMSS

precursor. The molecule is composed of silicon (Si),

carbon (C), oxygen (O), and hydrogen (H). The

molecular formula is C12H36O4Si5. The structure is

centered on a single Si atom with four oxygen atoms

covalently bonded. Each of these oxygen atoms

covalently bonds to another Si atom. Branching off

each Si atom is three methyl groups (CH3). The

important characteristics of this bonding structure

are the Si–O–Si bonds at the center of the molecule

and the many methyl groups branching off.

The flexible ITO-coated PEN substrate purchased

from MTI corporation had thicknesses of 180 lm and

125 lm for ITO and PEN, respectively. The PEN

substrate was DuPont Teijin Teonex film-Q65HA.

The ITO coating method was magnetron sputtering.

A resistance was 12 X/square, and a transparency

was greater than 75%. The ITO layer of the substrate

was initially protected by a protective film to prevent

contamination on the surface. The protective film was

removed before the substrate was loaded for the

deposition. A radio frequency (RF) power with

13.56 MHz supplied PECVD system was used. The

deposition process occurred inside the reactor

chamber. A susceptor was located at the bottom of

the reactor and acted as a platform to hold the sub-

strate. A shower head was located at the top of the

reactor. The distance between the susceptor and the

shower head was 20 mm. There was a bubbler con-

taining the organic precursor. There were an inlet

and an outlet of the bubbler. A gas line from the Ar

gas cylinder containing Ar gas with a purity of

99.999% was connected to inlet of the bubbler. The

outlet of the bubbler was connected to the shower

head of the PECVD reactor via the gas line. Ar gas

flew into the heated bubbler through the inlet, and

vapors of the organic precursor were produced at the

elevated temperature. The vaporized precursor was

delivered to the shower head through the outlet of

the bubbler. Ar gas acted as a carrier gas and trans-

ferred the vapors down the line connected to the

reactor. The mixture flows with the vaporized pre-

cursor carried by Ar gas flew into the reactor via the

shower head. The other input was a simple Ar line

fed into the shower head. The second Ar input line

was not necessary for deposition, but it was utilized

in Ar plasma generation only. The flow of precursor

vapors was controlled by a mass flow controller

(MFC) and a pressure flow controller (PFC). The MFC

was located between the Ar gas cylinder and the inlet

of the bubbler and the PFC between the outlet of the

bubbler and the reactor. At the bottom of the reactor,

there was a vacuum line leading to the dry screw

pump. When the substrate was loaded on the sus-

ceptor, the pump lowered the reactor pressure to a

rough vacuum range about 0.133 Pa, which was a

base pressure prior to deposition. When the reactor

pressure reached to the base pressure, Ar gas was

introduced to the reactor through the second Ar

input line. This Ar line was controlled by another

MFC. With a flow rate of 50 sccm, an Ar plasma was

generated at 50 W for 3 min to activate the substrate.

After Ar plasma, the deposition of SiCOH thin film

was conducted. To vaporize the liquid precursor

effectively, the bubbler containing the TTMSS pre-

cursor was heated to 85 �C. Ar gas was then used as

the carrier gas which transported the vaporized

precursor from the bubbler to the reactor. The films

were deposited at room temperature at an operating

pressure of 26.7 Pa. The flow rate of Ar gas flowing

through the bubbler was maintained at 18 sccm via

the MFC. The pressure flow of vaporized precursor

into the reactor was maintained at 30 Torr via the

PFC. The RF plasma power with 13.56 MHz was

chosen in the range of 20–100 W. A deposition time

was fixed at 20 min for all films. Each deposition rate

was calculated by the average film thickness divided

by the deposition time of 20 min. While these PECVD

low-dielectric constant materials are known by many

names, including SiCOH, SiOCH, SiOC, carbon-Figure 1 Molecular structure of the TTMSS precursor.
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doped oxides, silicon-oxicarbides, and organosilicate

glasses, the term SiCOH has been generally revealed

in many research papers. The SiCOH is elementally

descriptive with four elements of Si, C, O, and H, but

not representing the stoichiometry.

The flexible SiCOH thin films were then subjected

to repeated mechanical bending. The films at the

deposition plasma powers of 20, 60, and 100 W were

chosen for repeated mechanical bending tests. These

films were represented as the low, medium, and high

range of the plasma powers utilized for deposition.

The films were prepared for a specific size of 2.5 cm

width by 5 cm length. Figure 2a shows a schematic

diagram of the device from the top view. There is a

rectangular frame that all the components were

attached to. The main functionality of this device

comes from the precisely machined lead screw that is

rotated by a brushless DC motor. A connector nut is

on the lead screw and attaches to the mobile holder.

The ends of the mobile holder are connected to a

track in the frame. This setup creates a translating

motion of the mobile holder when the motor turns.

Bearing mounts hold the lead screw to the frame,

while still allowing free rotation. The stationary

holder is fixed to the frame. The distance travelled by

the mobile holder is determined by the angle rotated

by the motor and the pitch of the lead screw. The

motor is controlled by a motor controller. The job of

the motor controller is to adjust the power supplied

to the motor in order to achieve a desired angular

position, velocity, and acceleration. The computer

sends the desired angular position, velocity, and

acceleration information to the motor controller.

Figure 2b–d shows the range of motion achievable for

the flexible film. An unstressed film is shown in

Fig. 2b. After the film was loaded into the holder, the

spacing was slightly decreased to be smaller than the

film length as shown in Fig. 2c. At this point, the film

was in the extended position. Next, the film was at

the bending position, where the spacing was signifi-

cantly closer than the extended position as shown in

Fig. 2d. During one cycle of the repeated mechanical

Figure 2 a Schematic

diagram of the repeated

mechanical bending tester and

the range of motion for the

flexible film including b an

unstressed film, c the extended

position, and d the bending

position for repeated

mechanical bending tester.
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bending test, the holder position moved from the

extended position to the bending position and

returned to the extended position at the end of the

cycle. The amount of time to complete this cycle was

called the period. The film was compressed for the

entirety of the cycle in order to keep the film in the

holders, even in the extended position. During the

bending cycles, the holder spacing was positioned to

4.5 cm for the extended position and 3 cm for the

bending position. This achieved a bending radius of

13 mm at the bending position. The bending cycle

period was set to 3 s. Bending cycles were applied

with 1000, 5000, and 10,000 for each bending test.

After the repeated mechanical bending tests were

completed, the films were characterized to investi-

gate the change in material properties after bending.

Spectroscopic ellipsometry (RC2, JA Woolman)

was utilized to measure the thickness, refractive

index, and extinction coefficient of the SiCOH films.

Measurements were collected in reflection mode at

the angles of 50, 60, and 70 degrees over the range of

210–2500 nm. The refractive index and extinction

coefficient were determined by extrapolating the

model to 633 nm, which is the typical wavelength

value chosen for refractive index comparison. The

contact angle was measured by a contact angle

goniometer (L2004A, Ossila). Both surface roughness

and topology were measured by atomic force

microscopy (SmartSPM, Horiba) over a 1 lm by 1 lm
area. Scanning electron microscopy (SEM, S-4500 II

Cold Field Emission, Hitachi) was utilized to examine

any microstructure defects or deformation on the

surface of the film after mechanical bending tests.

Chemical surface analysis was performed by both X-

ray photoelectron spectroscopy (XPS, ESCA 2SR,

Scienta Omicron) and Fourier transform infrared

(FTIR) spectroscopy (Invenio S, Bruker). XPS survey

scans were collected over the range of 0 to 1200 eV at

a step of 0.1 eV. Higher-resolution scans were col-

lected with a step of 0.05 eV for individual elemental

peak. The samples were sputtered by Ar ions before

XPS measurements in order to remove any carbon

contamination at the film surface. The electron

emission angle was 90� and the diameter of the cir-

cular analysis area was 1.93 mm. FTIR spectroscopy

collected absorption spectra from 650 to 4000 cm-1

with a resolution of 4 cm-1. Al dots were deposited

onto the SiCOH film using an evaporation method to

create a metal–insulator–metal (MIM) structure (Al/

SiCOH/ITO). Al dots were composed of two areas of

0.005288 and 0.008093 cm2 with a thickness of

120 nm. The spacing between the dots was 0.5 mm.

Capacitance–voltage curves were measured over the

MIM structure using an LCR meter (J4287A, Agilent).

Dielectric constant was calculated by using the for-

mula, C ¼ ke0A
d , where C is the capacitance measured,

k is the dielectric constant of the SiCOH thin film, e0 is
the vacuum permittivity (8.854910-12 F/m), A is an

area of the electrodes, and d is a thickness of the

SiCOH film. Mechanical properties were measured

by nanoindentation (G200 Nano Indenter, KLA) in

continuous stiffness measurement (CSM) mode. The

elastic modulus and hardness were averaged over

10–15% of the SiCOH film thickness to avoid the

influence of the substrate [14, 15]. Sixteen indenta-

tions were performed for each sample.

Results and discussion

Figure 3 a–d presents deposition rate, refractive

index, extinction coefficient, and contact angle of the

pristine flexible SiCOH films at various deposition

plasma powers of 20–100 W, respectively. The

deposition rate was calculated from the film thick-

ness divided by the deposition time. The deposition

rate increased from 26.56 nm/min at 20 W to

40.89 nm/min at 80 W. Then, at a higher plasma

power of 100 W, the deposition rate decreased to

30.4 nm/min. This behavior suggested that there was

a deposition regime transition at 80 W. It was known

that the deposition of the SiCOH films is controlled

by the competition between ablation and polymer-

ization mechanisms during plasma polymerization

[16]. Two processes occur simultaneously: ablation

that removes the surface molecules and polymeriza-

tion that deposits the surface monomers. These two

processes are in competition and the deposition rate

could increase or decrease depending on the domi-

nant process. For example, the deposition rate

increased when polymerization is preferred. It was

likely that the dominant process shifted from poly-

merization to ablation at 80 W. The refractive index

increased from 1.44 to 1.54 as the deposition power

increased from 20 to 100 W. The increase in refractive

index suggests an increase in the film density. The

increase in refractive index from 80 to 100 W was

significantly greater than the increase at lower

plasma powers. This supported that the transition to
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the higher refractive index above 1.50 occurred at

80 W, as observed in the deposition regime transition

at the same plasma power. The extinction coefficient

decreased from 0.00049 at 20 W to the smallest value

of 0.00003 at 60 W and then increased again to

0.00061 at 100 W. These low extinction coefficient

values reflected the transparent nature of the SiCOH

films. It is generally admitted that the material having

its extinction coefficient below 0.01 is transparent. All

SiCOH films with deposition conditions including

plasma powers of 20–100 W showed very low

extinction coefficients well below 0.01. Apparently,

they were all transparent. This transparency was also

confirmed by visual inspection. To obtain low

extinction coefficient values is important for flexible

device applications. The contact angle slightly

decreased from 107.61� to 102.52� as the plasma

power increased from 20 to 100 W. A hydrophobic

material is defined as having a contact angle greater

than 90�. Therefore, all SiCOH films were

hydrophobic. However, the lower contact angle at the

higher plasma power indicated a less hydrophobic

film. The hydrophobicity of the film could be related

to chemical bonding configurations of the film

surface.

Figure 4a presents the RMS surface roughness of

the pristine flexible SiCOH thin films at various

deposition plasma powers of 20–100 W. All surface

roughness values were measured below 2 nm, which

was quite small compared to the film’s thickness in

the range of 500–1200 nm. The surface roughness

increased from 0.34 nm at 20 W to the highest

roughness value of 1.67 nm at 60 W and then slightly

decreased to 1.33 nm at 100 W. This behavior further

supported the deposition regime transition, but sug-

gested the transition was between 60 and 80 W. From

observations of deposition rate, refractive index, and

surface roughness, it was likely that there was tran-

sition in physical properties occurring at 60–80 W.

Figure 4b–f shows the surface morphology images of

the SiCOH films at the deposition plasma powers of

20, 40, 60, 80, and 100 W, respectively. These images

illustrated the significantly lower roughness at 20 W

compared to the roughness of the higher deposition

plasma powers, consistent with RMS roughness in

Fig. 4a.

Figure 5a presents the XPS survey scans of the

pristine flexible SiCOH films at various deposition

plasma powers ranging from 20 to 100 W. The major

peaks were identified as the Si2p, C1s, and O1s peaks

with peak centers of * 102, 285, and * 533 eV,

respectively [17–19]. High resolution scans for the

major peaks allowed measurement of the peak area

and therefore the calculation of the atomic

Figure 3 a Deposition rate,

b refractive index, c extinction

coefficient, and d contact

angle of the pristine flexible

SiCOH films at various

deposition plasma powers of

20–100 W.
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concentrations of silicon, carbon, and oxygen. The

Si2s peak was also identified at * 150 eV with a

small intensity. Another peak identified was the O

KLL peak at * 980 eV, which is a result of the exci-

tation of Auger electron emissions from oxygen.

Figure 5b shows the atomic concentrations of the

SiCOH films at various deposition plasma powers of

20–100 W. The SiCOH films were high in carbon and

silicon, about 40% each. Both the carbon and silicon

concentrations slightly decreased as the deposition

plasma power increased from 20 to 100 W. A

decrease in the carbon concentration has been related

to a loss of methyl groups and thus an increase in the

dielectric constant in previous studies [20]. The oxy-

gen concentration was low, around 20%, and slightly

increased as the deposition plasma power increased

from 20 to 100 W.

High-resolution scans allowed further analysis of

the Si2p and C1s peaks. Figure 6a shows an overlay of

Si2p peaks for 20–100 W. Figure 6b shows an

Figure 4 a RMS roughness and surface morphology of the pristine flexible SiCOH films at various deposition plasma powers of b 20,

c 40, d 60, e 80, and f 100 W.

J Mater Sci



example of the deconvoluted Si2p peak for the film at

20 W. The deconvoluted peaks were O–Si–C3, O2–Si–

C2, and O3–Si–C centered at 101.1, 102.0, and

102.9 eV, respectively [18, 21]. These peaks were

labeled as M-group, D-group, and T-group, respec-

tively, referring to the number of O atoms bonded to

the Si atom. Figure 6c displays the peak area ratios

for the three deconvoluted peaks at various plasma

powers. The M-group accounted for the smallest

peak area ratio, around 13%, and was not signifi-

cantly affected by the increased plasma power. This

indicated high dissociation of the methyl groups

from the TTMSS precursor, allowing the formation of

the D- and T-groups. For the film at 20 W, the

T-group held the largest peak area ratio of 45%, with

the D-group just below at 42%. As the plasma power

increased from 20 to 100 W, there was a decrease in

the T-group, and an increase in the D-group. For the

film at 100 W, the D-group was dominant at 62%,

while the T-group was at 23%. The D-group pro-

moted chain linking instead of crosslinking like the

T-group structure did [17, 18].

An overlay of the C1s peak at various deposition

plasma powers is shown in Fig. 7a. This illustrated

that the film at 20 W had a slightly higher intensity

than other films. Deconvolution was performed on

the C1s peak, and an example of deconvoluted

C1s peak for the film at 20 W is shown in Fig. 7b. The

deconvoluted peaks were identified as C–Si, C–C/C–

H, and C–O at the binding energies of 284.0, 284.8,

and 287.8 eV, respectively [17–19, 21, 22]. Their

respective peak area ratios are shown in Fig. 7c. The

largest peak was C–C/C–H with a peak area ratio in

the range of 79 to 91%. The smaller peaks of C–O and

C–Si both ranged between 4 and 11%. The chemical

structure of the TTMSS precursor could be related to

these results. TTMSS has more C–H bonds than Si–C

bonds, due to the structure of the methyl groups.

Therefore, the decrease in carbon concentration is

related to decrease in the methyl groups present in

the TTMSS precursor. The small amount of C–O

indicated that some of the dissociated species

allowed recombination to produce them.

Figure 8 shows the full scans of the FTIR spectra

for the pristine flexible SiCOH films at various

deposition plasma powers of 20–100 W. The major

absorption bands were identified as mCHx stretching

ranging from 3100 to 2800 cm-1, dSi–CH3 bending

from 1300 to 1200 cm-1, mSi–O–Si stretching from

1200 to 950 cm-1, and mSi–(CH3)x stretching from 950

to 650 cm-1 [20, 23]. A decrease in peak intensity was

observed for the mCHx and dSi–CH3 bands as the

plasma power increased from 20 to 100 W. This

indicated a decrease in methyl groups present in the

SiCOH films. Both the mSi–O–Si and mSi–(CH3)x
bands became narrower as the plasma power

increased from 20 to 100 W. This suggested that the

films experienced a preference for certain bonding

configurations. Deconvolution and closer inspection

of these absorption bands provide more details on the

chemical bonds of the SiCOH films.

The major absorption band mSi–O–Si was further

investigated. Figure 9a presents the overlay of all mSi–
O–Si absorption bands at various plasma powers. As

the plasma power increased from 20 to 100 W, the

peak center shifted from 1030 cm-1 to the lower

wavenumber of 1015 cm-1. In addition, the shoulder

at 1065 cm-1 reduced significantly. This indicated

that the SiCOH films experienced a preference for the

peak at the lower wavenumber as the plasma power

increased from 20 to 100 W. Deconvolution was

performed on the Si–O–Si stretching band in order to

Figure 5 a XPS survey scans, b atomic concentrations of the

pristine flexible SiCOH films at various deposition plasma powers

of 20–100 W.
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Figure 6 a XPS Si2p peaks of

the pristine flexible SiCOH

films at various deposition

plasma powers of 20–100 W,

b deconvoluted Si2p peak for

20 W, and c peak area ratios of

silicon bonds at various

plasma powers.

Figure 7 a XPS C1s peaks of

the pristine flexible SiCOH

films at various deposition

plasma powers of 20–100 W,

b deconvoluted C1s peak for

20 W, and c peak area ratios of

silicon bonds at various

plasma powers.
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identify its constituent peaks. An example of the

deconvoluted mSi–O–Si band for the film deposited at

20 W is shown in Fig. 9b. The deconvoluted peaks

were identified as suboxide structure centered at

1025 cm-1, network structure at 1065 cm-1, and cage

structure at 1115 cm-1 [18, 23, 24]. It is important to

note that the cage structure is typically identified at

1135 cm-1; however, the constituent peak identified

at 1115 cm-1 is considered the cage structure of this

film. This shift to lower wavenumbers indicated a

smaller bond angle than 150� for Si–O–Si [23]. Net-

work structure had a bond angle of 140� and

suboxide had a bond angle lower than 140�. Figure 9c

shows the peak area ratios of the cage, network, and

suboxide to the total mSi–O–Si band of the SiCOH

films at various deposition plasma powers. The peak

area ratio of the cage structure was constant at 11%

from 20 to 80 W and then slightly increased to 14% as

the plasma power increased to 100 W. Increasing

cage has been found to relate to increased porosity

[23]. However, this contradicts the suggested

increased density at higher deposition plasma pow-

ers found from the refractive index. The peak area

ratio of the network structure decreased from 39 to

27% as the plasma power increased from 20 to 100 W.

Suboxide structure had the largest peak area ratio,

which increased from 49 to 60% as the plasma power

increased from 20 to 100 W.

Figure 10a–c provides enlarged views of the mCHx,

dSi–CH3, and mSi–(CH3)x absorption bands, respec-

tively. Table 1 shows peak area ratios of three

absorption bands normalized to the Si–O–Si absorp-

tion band at various plasma powers. From a closer

look at the mCHx band, two possible bonds could be

identified, the larger peak at 2960 cm-1 as maCH3

asymmetric stretching, and a smaller peak at

2902 cm-1 as msCH3 symmetric stretching. These

Figure 8 FTIR spectra of the pristine flexible SiCOH films at

various deposition plasma powers of 20–100 W.

Figure 9 a FTIR spectra of

the Si–O–Si absorption band

of the pristine flexible SiCOH

films at various deposition

plasma powers,

b deconvoluted Si–O–Si for

20 W, and c peak area ratios of

the cage, network, and

suboxide structures at various

plasma powers.
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bonds were formed from the methyl groups present

in the SiCOH film. There was a decrease in intensity

of the mCHx band as the plasma power increased

from 20 to 100 W. This indicated that the films con-

tained less methyl groups when deposited at higher

plasma powers. Previous studies have found that a

reduction of the hydrophobic CH3 can decrease the

contact angle, thus making the film more hydrophilic

[25]. This reduction of methyl groups at higher

plasma powers could be the result of increased dis-

sociation. Another possible bond identified for the

film at 60 W only was maCH2 [20, 24]. This could

result from the dissociation of C–H bonds in the

TTMSS precursor. The mCHx absorption band’s peak

area ratio was constant in the range of 3–4% up to

60 W and then decreased down to 1.7% at 100 W.

This behavior also supported the deposition regime

transition near 60 W and the reduction of methyl

groups at higher plasma powers. The dSi–CH3

absorption band was also found to slightly decrease

in intensity as the plasma power increased from 20 to

100 W, indicating a decrease in methyl groups. There

were three potential peaks that were identified as

dOSi–(CH3)3 rocking at 1251 cm-1, dO2Si–(CH3)2
rocking at 1259 cm-1, and dO3Si–CH3 rocking at

1279 cm-1, assigned to M-, D-, and T-groups,

respectively [18, 24]. These peaks refer to the number

of O atoms bonded to a single Si atom. These are not

Figure 10 FTIR spectra of

a mCHx, b dSi–CH3, and

c mSi–(CH3)x absorption bands

of the pristine flexible SiCOH

films at various deposition

plasma powers.

Table 1 Peak area ratios of the FTIR absorption bands normalized to the Si–O–Si absorption band at various plasma powers

Plasma power (W) Peak area ratios normalized to mSi–O–Si (%)

mCHx 2850–3000 cm-1 dSi–CH3 1200–1300 cm-1 mSi–(CH3)x 650–950 cm-1

20 3.6 10.1 73.3

40 3.1 9.3 67.8

60 4.0 8.8 64.8

80 2.5 7.7 59.2

100 1.7 6.8 56.7
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to be confused with the similar M-, D-, and T-groups

found in the Si2p peak of the XPS spectra. As the

plasma power increased from 20 to 100 W, the largest

intensity peak shifted from 1251 to 1259 cm-1, which

indicated a preference for the D-group as the plasma

power increased from 20 to 100 W. There was a sig-

nificant decrease in the peak area ratio of Si–CH3

from 10 to 6.8% as the plasma power increased from

20 to 100 W. This supported that there were fewer

methyl groups at higher deposition plasma powers.

From the mSi–(CH3)x absorption band, the constituent

peaks were identified as dH–SiO3 bending at

890 cm-1, dH–SiO2Si bending at 864 cm-1, mSi–
(CH3)3 stretching at 839 cm-1, mSi–(CH3)2 stretching

at 796 cm-1, and mSi–(CH3)1 stretching at 756 cm-1

[23, 24]. The highest intensity peak shifted from 839

to 796 cm-1, indicating an increased mSi–(CH3)2 and a

decreased mSi–(CH3)3 as the plasma power increased

from 20 to 100 W. This further supported the reduced

methyl groups in the SiCOH films at higher plasma

powers. There was a decrease in intensity for mSi–
(CH3)3, mSi–(CH3)2, and mSi–(CH3)1 as the plasma

powers increased from 20 to 100 W, again suggesting

reduced methyl groups at increased plasma power.

Both dH–SiO3 and dH–SiO2Si were not significantly

affected by the increased plasma power, suggesting

that the Si–H bond was not significantly affected by

the increased plasma power. The peak area ratios for

the smaller absorption bands in Table 1 were identi-

fied as mSi–H (2150–2250 cm-1) and dCHx

(1350–1500 cm-1). The mSi–H absorption band was

not observed for the film at 20 W and there was a

slight increase from 0.4 to 2% as the plasma power

increased from 40 to 100 W. It was reported that

increased Si–H contributes to the hydrophilicity of

the film [26]. The peak area ratio of dCHx bending

absorption band was almost the same for all depo-

sition plasma powers, as seen in Table 1. It is

expected that a reduction of methyl groups would

decrease the peak area ratio of dCHx as well. How-

ever, this is difficult to detect due to the small

intensity of this peak.

Figure 11 presents dielectric constant of the pris-

tine flexible SiCOH films at various deposition

plasma powers of 20–100 W. The dielectric constants

of the pristine SiCOH films for all plasma powers of

20–100 W were measured below 3.5, which can

identify them as low-k materials. The dielectric con-

stant decreased from 2.46 to 2.00 as the plasma power

increased from 20 to 60 W, and then increased to 3.10

as the plasma power increased to 100 W. This

behavior further supports the transition in deposition

regimes. The dielectric constant can be related to the

deposition rate (or the film thickness). Because the

deposition time was fixed at 20 min for all samples,

the trend of the deposition rate followed that of the

thickness of the film. As the deposition rate (or the

film thickness) increased with increasing plasma

power from 20 to 60 W, the dielectric constant

decreased. When the plasma power increased to

80 W, both deposition rate and dielectric constant did

not change much. At the plasma power of 100 W, the

deposition rate decreased and the dielectric constant

increased. The decreased dielectric constant from 20

to 60 W could be explained by the increase in sub-

oxide structure. However, the increased dielectric

constant from 60 to 100 W could be explained by the

methyl group reduction and increased density. As

mentioned, the dielectric constant is affected by many

chemical and physical properties of the SiCOH films.
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Figure 11 Dielectric constant of the pristine flexible SiCOH films

at various deposition plasma powers of 20–100 W.

Figure 12 Elastic modulus and hardness of the pristine flexible

SiCOH films at various deposition plasma powers of 20–100 W.
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Figure 12 shows elastic modulus (E) and hardness

(H) of the pristine flexible SiCOH films at various

deposition plasma powers of 20–100 W. Both elastic

modulus and hardness increased as the plasma

power increased. The elastic modulus ranged from

1.6 to 9.1 GPa while the hardness ranged from 0.05 to

1.5 GPa when the plasma power increased from 20 to

100 W. For reference, the elastic modulus of 5–10 GPa

is enough to sustain mechanical stress during typical

semiconductor device integration. The film deposited

at 20 W did not meet this criterion; however, the

films deposited at the higher plasma powers above

20 W had sufficient elastic modulus. Both modulus

and hardness had a greater slope below 60 W and a

smaller slope above 60 W, again contributing to the

possible transition in deposition regimes. As the

deposition rate (or the film thickness) increased with

increasing plasma power from 20 to 80 W, the elastic

modulus and hardness increased. At the plasma

power of 100 W, the deposition rate decreased and

the modulus and hardness did not increase much.

The reduction of methyl groups could increase the

dielectric constant [24, 27, 28]. Methyl groups are

known to be hydrophobic, preventing water absorp-

tion. Water has a significantly higher dielectric con-

stant (k = * 81). Therefore, even a relatively small

amount of absorbed water can significantly affect the

dielectric constant. However, there was no evidence

of absorbed water for any of the pristine films. This

would have been identified as O–H absorption band

in the FTIR range of 3500–3800 cm-1. In addition,

there was only a slight decrease in contact angle,

indicating no significant change in hydrophilicity

from the reduction of methyl groups. This suggests

that water absorption and hydrophilicity did not play

a major role in the dielectric constant. The same can

be suggested for the potential increase in Si–H bonds,

which are known to be hydrophilic. However, methyl

groups also affect the porosity of the film. It is known

that the terminal structure of methyl groups aids the

incorporation of pores [28, 29]. Porosity is known to

decrease the dielectric constant, but also worsen the

mechanical properties [27, 28, 30, 31]. For the low

deposition plasma power regime, the increase in

porosity explained the reduction in dielectric con-

stant. However, it does not explain the increase in the

elastic modulus and hardness. This may be explained

by the suboxide structure. It has been reported that

an increase in the suboxide structure results in a

decrease in the dielectric constant [31, 32]. However,

the suboxide structure improves the mechanical

properties of the film [31–33]. Both the suboxide

structure and the mechanical properties increased

with increasing plasma powers. Two deposition

regimes should be considered separately. The low

plasma power deposition regime had a decreasing

dielectric constant and increasing elastic modulus as

the plasma power increased, while the higher plasma

power deposition regime had both the dielectric

constant and elastic modulus increasing as the

plasma power increased. These regimes were possi-

ble because the increased suboxide effect was domi-

nant for the dielectric constant in the lower power

regime, while the methyl group reduction and

increased density were dominant in the higher power

regime. However, the increased suboxide and density

could explain the increase in elastic modulus for both

regimes.

It has been well documented that there is a corre-

lation between the elastic modulus and the dielectric

constant, where one increases and so does the other

[30, 34–38]. To compare the results of this research to

previous studies, a similar dielectric constant vs

elastic modulus graph has been created as shown in

Fig. 13. The data from this study followed this trend

for the higher plasma power regime, deposited above

60 W. However, below 60 W this trend was not

respected. It is hard to determine the reason for this

disagreement for the films in the lower plasma power

regime since SiCOH films have much variation with

the bonding structure and porosity. However, the

previous studies related the dielectric constant and

elastic modulus to both the methyl group concen-

tration and porosity of the film. This relationship was

also found for the higher plasma power regime,

where the decreased methyl groups and porosity

Figure 13 Dielectric constant and elastic modulus of the pristine

flexible SiCOH films.
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resulted in higher dielectric constant and elastic

modulus. It is possible the previous research did not

encounter the transition to the lower plasma power

regime. Figure 13 is also be used to identify the

optimum films for the IC integration. A lower

dielectric constant and a higher elastic modulus can

be found by moving down and to the right within

this graph. The two data points in the lower right

corner of the graph are the films deposited at 60 and

80 W. The film deposited at 60 W is defined as the

transition point for the plasma power regimes, and

80 W is very close to this as well. This indicated that

superior film properties are found when approaching

the transition of the deposition regimes.

Repeated mechanical bending tests were con-

ducted to investigate the effects of mechanical stress

on material properties of flexible SiCOH thin films.

Bending cycles were given by 1000, 5000, and 10,000.

The SiCOH films deposited at 20, 60, and 100 W were

selected for bending tests. The deposition plasma

powers of 20, 60, and 100 W samples the lower

plasma power regime, the transition point, and the

higher plasma power regime, respectively.

Figure 14a–d shows the changes in refractive

index, extinction coefficient, contact angle, and RMS

roughness of the SiCOH films after bending tests,

respectively. There was a slightly decreased

refractive index for the films at 60 and 100 W. This

could suggest that films deposited at the higher

plasma power regime decreased in density after

bending tests. However, the refractive index was not

significantly changed even after bending with 10,000

cycles. The films experienced a slight decrease in

extinction coefficient after bending tests. These films

can still be considered transparent after bending

because all extinction coefficients after bending tests

were measured below 0.01. The contact angles of the

films decreased after bending tests. This indicated

that the films became slightly less hydrophobic after

bending. Overall, the largest drop in the contact angle

was observed for 100 W. For example, the contact

angle for the film at 20 W decreased from 107.6� for

the pristine film to 105.3�, 106.4�, and 107.6� after

1000, 5000, and 10,000 cycles, respectively. The film at

60 W experienced a decrease from 107.0 � for the

pristine film to 105.8�, 104.9�, and 106.0� after 1000,

5000, and 10,000 cycles, respectively. The film at

100 W experienced a decrease from 102.5� for the

pristine film to 97.7�, 96.9�, and 99.7� after 1000, 5000,
and 10,000 cycles, respectively. Overall, the SiCOH

films maintained their hydrophobicity after bending

tests. The roughness slightly increased for the film at

20 W, decreased for the film at 60 W, and stayed

constant for the film at 100 W, except for 1000 cycles.

Figure 14 Changes in

a refractive index, b extinction

coefficient, c contact angle,

and d RMS roughness of the

flexible SiCOH films after

bending tests.
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Therefore, there is no evident trend between the

surface roughness and bending conditions of the

SiCOH films. However, all the films had a low

roughness within 3 nm for all the bending

conditions.

Figure 15a–d presents SEM images of the surface of

the flexible SiCOH films at 20 W before and after

bending tests with cycles of 1000, 5000, and 10,000,

respectively. The images did not present any cracking

or delamination at 5009magnification. SEM images

were also taken with 50009magnification, and no

cracking or delamination was present, not shown

here. The same was found for the films deposited at

60 and 100 W, not shown here. This indicated that the

films were not damaged by the bending conditions

even with 10,000 cycles. It demonstrated that the

SiCOH films were mechanically stable after bending

tests from observation using SEM.

FTIR spectra were taken to investigate the changes

in chemical structures after bending tests. There were

no significant changes in the spectra even after

bending tests with 10,000 cycles. This suggested the

flexible SiCOH films were chemically resistant to the

repeated mechanical bending conditions. However,

there were still some subtle changes after bending

that can be seen upon closer inspection. Figure 16a–c

shows FTIR absorption bands of the Si–O–Si for the

flexible SiCOH films at 20, 60, and 100 W, respec-

tively. The films at 20 W experienced a slight peak

shift from 1038 cm-1 for the pristine film to a lower

wavenumber of 1034 cm-1 after bending. The films at

60 W did not experience a shift after bending tests.

There was a significant peak shift from 1020 to

1009 cm-1 for the films deposited at 100 W. This

indicated that repeated mechanical bending may

have promoted the suboxide structure, and this was

even more pronounced for the higher plasma power

regime. Figure 16d–f represents the changes in peak

area ratios of cage, network, and suboxide structures

normalized to the mSi–O–Si for the SiCOH films at 20,

60, and 100 W after bending tests, respectively. The

peak area ratio of cage to mSi–O–Si of the film at 20 W

was not significantly changed after bending tests. For

the film at 60 W, the cage peak area ratio increased

from 10.9% for the pristine film to 11.7% at 10,000

cycles. The film at 100 W experienced an increased

cage peak area ratio from 14.4% for the pristine film

to 16.0% after 5000 cycles and then decreased to

14.8% after 10,000 cycles. This indicated an increased

cage peak area ratio after bending for the films

deposited at the higher plasma power regime. For the

film at 20 W, the network peak area ratio decreased

from 39.4% for the pristine film to 37.8% after bend-

ing tests. There was a decrease in the network peak

area ratio for the film at 60 W from 34.3% for the

pristine film to 32.4% after 1000 cycles and then

increased to 34.0% after 5000 and 10,000 cycles. The

film at 100 W had an increased network peak area

ratio from 27.1% for the pristine film to 31.0% after

bending tests. This indicated that the films deposited

Figure 15 SEM surface

images of a pristine SiCOH

film deposited at 20 W and the

films at 20 W after bending

tests with bending cycles of

b 1000, c 5000, and d 10,000.
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at the higher plasma power regime increased in

network structure, while the lower plasma power

regime decreased in network structure. The suboxide

peak area ratio slightly increased for the film at 20 W

from 49.3% for the pristine film to 50.6% after bend-

ing tests. For the film at 60 W, the suboxide peak area

ratio decreased from 54.8% for the pristine film to

53.9% at 5000 cycles and then increased to 54.4% at

10,000 cycles. For the film at 100 W, the suboxide

peak area ratio significantly decreased from 58.5% for

the pristine film to 53.1% at 5000 cycles and 54.6% at

10,000 cycles. This suggested that the higher plasma

power regime significantly increased in the network

structure and decreased in the suboxide structure.

This is expected to slightly weaken the mechanical

properties and increase the dielectric constant. The

lower plasma power regime was slightly changed

with a decreased network and increased suboxide

structures. This suggested that the lower plasma

power regime was more resistant to the repeated

mechanical bending than the higher plasma power

regime. However, a slight increase in mechanical

properties and decrease in dielectric constant were

expected. The film at 60 W was at the transition

between the lower and higher plasma power regimes

and proved to be the most chemically resistant to the

repeated mechanical bending tests.

Figure 17a–c shows FTIR absorption bands of the

mCHx, dSi–CH3, and mSi–(CH3)x for the flexible

SiCOH films at 20 W after bending tests, respectively.

Figure 16 FTIR absorption

bands of the Si–O–Si for the

flexible SiCOH films at a 20,

b 60, and c 100 W and

changes in peak area ratios of

d cage, e network, and

f suboxide structures

normalized to the Si–O–Si

after bending tests.
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For mCHx peak, the larger maCH3 peak did not shift

after bending tests. This indicated the asymmetric

stretching CH3 bond was resistant to the repeated

mechanical bending tests. The msCH3 peak was very

low in intensity, and it was therefore difficult to

identify any peak center shifts, especially for the films

deposited at 100 W (not shown). For the dSi–CH3

peak, a slight peak shift to the higher wavenumbers

occurred from 1252 to 1253 cm-1 for the film at 20 W

after bending. The film at 60 W experienced no peak

shift for 1000 cycles, but a peak shift occurred to

lower wavenumbers from 1260 to 1255 cm-1 after

5000 and 10,000 cycles (not shown). The film at 100 W

experienced a slight peak shift to higher wave num-

bers from 1260 to 1262 cm-1 after bending (not

shown). For the mSi–(CH3)x absorption band, there

was no significant shift of the peak centers after

bending for the films deposited at 20 W as well as

60 W (not shown). The film at 100 W experienced a

peak shift from 795 to 790 cm-1 (not shown). This

suggests that the mSi–(CH3)1 bond was slightly more

resistant to the repeated mechanical bending than

mSi–(CH3)2 for the films deposited at 100 W, even

though mSi–(CH3)2 was still the highest intensity

bond. The mSi–(CH3)1 bonding structure promotes

more crosslinking than the mSi–(CH3)2 bonding

structure. Therefore, a slight increase in mechanical

strength was expected after bending tests for the

films deposited at 100 W. Figure 17d–f presents the

changes in peak area ratios of the mCHx, dSi–CH3, and

Figure 17 FTIR absorption

bands of the a CHx, b Si–CH3,

and c Si–(CH3)x for the

flexible SiCOH films at 20 W

and changes in peak area ratios

of d CHx, e Si–CH3, and f Si–

(CH3)x normalized to the Si–

O–Si after bending tests.
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mSi–(CH3)x normalized to the mSi–O–Si for the SiCOH

films at 20, 60, and 100 W after bending tests,

respectively. In the peak area ratios of the mCHx

normalized to mSi-O-Si for the films at 20 W, the ratio

slightly decreased from 3.6% for the pristine film to

2.7% for 1000 cycles before it increased back to the

pristine level for 5000 and 10,000 cycles. The films

deposited at 60 W decreased from 4.0% for the pris-

tine film to 3.2% at 1000 cycles and 2.5% for 5000

cycles before it increased back to 3.2% for 10,000

cycles. The film at 100 W showed an increase in the

peak area ratio from 1.7% for the pristine film to 2.5%

at 1000 cycles and 4.0% at 5000 cycles, then decreased

again to 2.5% at 10,000 cycles. These results suggest

that the film at 60 W had reduced methyl groups

while the films at 100 W increased in methyl groups

after bending. From the changes of peak area ratios of

dSi–CH3 to mSi–O–Si, bending had no significant

effect on the peak area ratio for the films at 20 and

60 W. For the film at 100 W, there was a significant

decrease in the peak area ratio of dSi–CH3 to mSi–O–Si

after bending. The peak area ratio decreased from

6.7% for the pristine film to 4.9% after bending. There

was no trend with the number of bending cycles and

the decrease in the peak area ratio. This indicates that

the effect of bending on dSi–CH3 occurred before

1000 cycles, and subsequent bending cycles had no

significant effect. The dSi–CH3 absorption band was

stable for the film at 20 and 60 W, but not at 100 W.

The decreased peak area ratio of dSi–CH3 to mSi–O–Si

indicates a reduction in methyl groups after bending.

This suggests that the lower plasma power regime

was more resistant to methyl group reduction from

bending tests, as compared to the higher plasma

power regime. This is contradictory to the results of

the mCHx absorption band after bending. The film at

100 W increased in the peak area ratio of mCHx to mSi–
O–Si but decreased in the peak area ratio of dSi–CH3

to mSi–O–Si after bending tests. It is more likely that

bending tests resulted in a decrease in methyl groups.

This also agrees with the decreased contact angle

after bending, resulting in a less hydrophobic film.

From the changes in the peak area ratio of mSi–(CH3)x
to mSi–O–Si after bending, there was a decrease in the

peak area ratio from 73% for the pristine film to 67%

after bending for the film at 20 W. There is no trend

between the number of bending cycles and the peak

area ratio. The decreased peak area ratio of mSi–
(CH3)x to mSi–O–Si for the film at 20 W indicated a

reduction of methyl groups. However, this was not

observed in the mCHx or the dSi–CH3 peak area ratios

for the film deposited at 20 W. For the film at 60 W,

there was no significant change in the peak area ratio

after bending tests. The films at 100 W experienced a

decrease in the peak area ratio from 67% for the

pristine film to 43% after 1000 and 5000 cycles, then

increased to 61% after 10,000 cycles. There does not

seem to be a consistent trend for the peak area ratio of

the mSi–(CH3)x to mSi–O–Si for the film at 100 W after

bending. Overall, FTIR analysis did not uncover any

consistent trends with the number of bending cycles.

Therefore, the SiCOH films can be considered

chemically stable to the bending conditions utilized

in this research.

Figure 18 shows the changes in dielectric constant

for the flexible SiCOH films deposited at the plasma

powers of 20, 60, and 100 W after bending tests. The

films deposited at 20 W experienced a slightly

decreased dielectric constant from 2.46 for the pris-

tine film to 2.31 at 1000 cycles, then it increased to

2.69 and 2.61 at 5000 and 10,000 cycles, respectively.

For the film at 60 W, the dielectric constant decreased

from 2.00 for the pristine film to 2.05 at 1000 cycles,

1.85 at 5000 cycles, and then increased to 1.97 at

10,000 cycles. For the film at 100 W, the dielectric

constant decreased from 3.10 for the pristine film to

2.72. Overall, there was no significant effect on the

dielectric constant from the repeated bending tests.

The dielectric constant was not drastically affected by

the repeated mechanical bending tests. More impor-

tantly, after bending tests, all dielectric constants

remained below 3.5, which meets the requirement of

low-k materials. There was no clear trend between

the dielectric constant and bending cycles. Therefore,

the repeated mechanical bending tests under the

conditions utilized for this research had no observed

Figure 18 Changes in the dielectric constant for the flexible

SiCOH films at 20, 60, and 100 W after bending tests.
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effect on the dielectric constant. The film deposited at

60 W showed greater electrical stability to the repe-

ated mechanical bending tests.

Conclusion

Flexible SiCOH films were deposited on flexible ITO/

PEN substrates by PECVD of TTMSS at room tem-

perature and various plasma powers of 20–100 W.

All the pristine SiCOH films were transparent,

hydrophobic, and smooth. These films also had

dielectric constants below 3.5 and are considered low

k materials. The films deposited at 40, 60, 80, and

100 W had sufficient mechanical strength for inte-

gration. For integration into IC chips, the films

deposited at 60 and 80 W had the optimized prop-

erties of a very low dielectric constant * 2.0 and high

elastic modulus of 8–9 GPa. There was an increase in

the suboxide structure, and film density in tandem

with a reduction of methyl groups, as the plasma

power increased. Two deposition regimes were

observed and named as the lower and higher depo-

sition power regimes. In the lower power regime, the

dielectric constant decreased as the plasma power

increased due to increased suboxide structure. For

the higher plasma power regime, the dielectric con-

stant increased as the plasma power increased due to

methyl reduction and increased density. For both

deposition regimes, the mechanical strength

improved as the plasma power increased due to the

increased suboxide structure and increased density.

Subsequently, bending tests were performed on the

flexible SiCOH films for the deposition plasma

powers of 20, 60, and 100 W. After the bending tests,

the flexible SiCOH films maintained their trans-

parency, hydrophobicity, and smoothness. Low

dielectric constant was maintained below 3.5 after

bending tests. SEM imagery did not find any cracks

or delamination of the flexible SiCOH films after

bending tests. The flexible SiCOH films were physi-

cally, chemically, and electrically stable to the repe-

ated mechanical bending tests with the conditions

utilized in this research. However, the film deposited

at 60 W proved to have better electrical and chemical

stability when compared to the films at 20 and 100 W.
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