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IV.1 SURFACE ARCHITECTURE AND MECHANICAL PROPERTIES OF
POLYTERPENOL THIN COATINGS

Abstract

Organic plasma polymers are currently attracting significant interest for their potential in the
areas of flexible optoelectronics and biotechnology. Thin films of plasma polymerised
polyterpenol fabricated under varied deposition conditions were studied using nanoindentation
and nanoscratch analyses. Coatings fabricated at higher deposition power were characterised by
improved hardness, from 0.33 GPa for 10 W to 0.51 GPa for 100 W auNb00ad, and
enhanced wear resistance. The elastic recovery was estimated to be between 0.1 and 0.14.
Coatings deposited at higher RF powers also showed less mechanical deformation and
improved quality of adhesion. The average) (8&d RMS (R) surface roughness parameters
decreased, from 0.44 nm and 0.56 nm for 10 W to 0.33 nm and 0.42 nm for 100 W,

respectively.

Keywords: hardness; plasma-enhanced CVD (PECVD) (deposition); nano-indentation; thin

film

As published in: Bazaka, K., Jacob, M. V., Nanotribological and nanomechanical properties of

plasma polymerised polyterpenol thin films. Journal Materials Research 2011, 26, 2952-2961.
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IV.1.1 Introduction

Polymer thin films fabricated using low-temperature non-equilibrium plasma techniques are
actively studied for their physical and chemical stability, and low cost, uncomplicated
production [319]. From one precursor, polymers of significantly different chemical and physical
structures or films with property gradient can be obtained by controlling deposition conditions
of polymerisation. Such conditions include the energy delivered into the reaction chamber,
monomer flow, geometry of the reactor, addition of gas and so on [89]. Furthermore,
compounds not amenable to conventional thermo-chemical polymerisation pathways can be
polymerised using plasma techniques. Given their high adhesion to the substrate and smooth,
defect free and uniform surfaces, plasma polymers have already found their application as anti
scratch barriers and protective coatings. These include corrosion protective barrier coatings on
reflectors and metallic surfaces, coupling and corrosion prevention layers on steel, adhesion
promotion pre-treatments on aluminium, gas permeation barrier coatings in packaging, and
resist in microfabrication processing [348]. Organic plasma polymers are currently attracting
significant interest for their potential in the areas of mechanics, flexible electronics, and optics.
The ability to retain certain functionalities of the organic precursor in the polymer film also
renders these materials attractive to the field of biotechnology. Here, organic plasma polymers
can take role of biomaterials, tissue scaffolds, hydrophobic antifouling coatings, and as

antireflective coatings on polymeric ophthalmic lenses.

Whether within an electronic device or as a bioactive coating, the mechanical and
morphological properties of these films influence the nature of application, performance and
longevity of these materials. Furthermore, the morphology of the surface is known to influence
the wetting behaviour of the solid films, the latter being an important consideration with regard
to biomedical prospect of these materials. Hence, to determine potential applications of such
organic polymer thin films, and to optimise such a material for specific applications, an
understanding of the relationship between the fabrication parameters and the resultant

mechanical properties of the plasma polymer is required.

Techniques such as microhardness and tensile testing are commonly employed to study the
mechanical characteristics of a wide range of bulk amorphous polymers. They provide useful
information with regard to materials’ elastic modulus and microstructure, as well as the effect of
molecular weight and composition on the mechanical behaviour of these materials. Whilst
functional for bulk polymers, these techniques have limited characterization capacity when it
comes to investigations on thin plasma polymer film structures and coatings, since many of the

above mentioned applications require thin films of below 100 nm in thickness. Relatively large
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loads and penetration depths required to image the indent lead to results being domi
substrate contribution. Furthermore, the technique does not offer informai the elastic
properties of the thin films. Def-sensing indentation (or nanoindentation), on the other |
was initially developed for studies on pla-elastic materials. It applies very low loads
small depths and therefore can be successfulld for characterization of plasma polymeri:
thin films [349] Similarly, the adhesion and fracture strength of ultrathin or soft pl
polymer films can be evaliled using a nanoscratch test that allows for -resolution
application of ultralow scratch loads and acquisition of displacement data as films defc

fail.

Here, we study the nanotribological and nanomechanical properties and surface morph
the plasma polymerised terpir-4-ol (polyterpenol) thin films fabricated under varic
deposition conditions3b(]. Polyterpenol is a transparent insulating material with refra
index just above that of glaf336,351] It is characterised by sound physical and cher
stability, and its tunable onset degradation temperature and lo-annealing retention rat
suggest polyterpenol as a potential sacrificial material for fabrication of air gaps ded
nano-channels [347Polyterpenol films fabricated at low power conditions have been shc
prevent adhesion and gpagation of selected human pathogenic bactS. aureusand P.
aeruginosa indicating the material can be applied as an antibacterial and antifouling ¢
for indwelling medical deviceq200,352)]. Polyterpenol films implemented as a surf
modification of the gate insulator in pentacene based organic field effect transistor |
significantly shifted the threshold voltage, improved the effective mobility and the swi

property of the polytegnol containing OFET337,353].

HO

Figure IV.1.1. Chemical structure of terpin-4-ol.

IV.1.2 Experimental

Plasmaenhanced chemical vapor deposition was used to fabricate thin polyterpenol filrr

nonsynthetic monoterpene alcohol precursAustralian Botanical Products L according to
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an experimental procedure described elsewhere [336]. External copper electrodes were
employed to capacitively couple the RF (13.56 MHz) power supply to the deposition chamber.
Films were manufactured at room temperature and pressure of 100 mTorr under varied
deposition conditions, such as time and input power, on pre-cleaned glass substrates. The
polymer films used in this study were deposited at 10, 15, 25, 50, 75 and 100 W RF power.
Spectroscopic ellipsometer (model M-2000D, J.A. Woollam Co. Inc.) was used to estimate

optical thickness and roughness of the deposited films.

A NT-MDT atomic force microscope (AFM) was employed in nanoindentation analysis, with
the standard head replaced with a Triboscope indenter system manufactured by Hysitron Inc.
(Minneapolis, MN), which allows for application of a desired load on the indenter with an
electrostatic force taking a role of a transducer. Berkovich indenter (70.3° equivalent semi-
opening angle) was used in indentations and instrument compliance was calibrated using fused
silica. Preliminary images of the samples under investigations were collected in order to
evaluate the roughness of the area to be indented. The indentation profile consisted of loading,
holding and unloading. Typical loads used in the indentation ranged fromN.@@ 700uN

with fixed loading time and hold time of between 2 and 5 s. The loading and unloading rates,
and the time associated with each segment were varied to investigate the effect of these
parameters on the resultant hardness and modulus values. In the load—partial unload experiment,
several cycles of loading to gradually increasing depth and unloading to 10% of the maximum
load for that cycle are performed with the tip of the indenter remaining in contact with the
sample. The loading/unloading rate and holding time was kept constant gi/K)&nd 20 s,
respectively, with 50—800 nm depth range. The technique is another tool to capture the variation

in mechanical properties of the thin film-substrate system as a function of indentation depth.

The indentation process was monitored continuously during loading and unloading phases with
respect to displacement, force, and time. The contact area for each indent was calculated from
the stiffness vales and the known modulus for quartz. Contact parameters and mechanical
properties of the films are derived from the contact area and load displacement curve as
proposed by Oliver and Pharr [354]. In the case of polyterpenol, the unloading stiffness was
calculated after polynomial fitting of 90% of the unloading curve. The contact thepth
established using elastic analysis developed by Sneddon for the penetration of a flat elastic half
space by probes of axisymmetric shapes_ as h,,q.x — €(Pnax/S), Wherehpa is maximum
depth, ¢ is a constant dependant on the pressure distribution established after the plastic
deformation and is a function of the geometry of the indeRigk,is maximum force, an8is

contact stiffness. For Berkovich indenters aisually assumed to take value of 0.75. The contact
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stiffnessS is defined aS = %, and S = 2ak = %Eﬂ/ﬁ, whereP is the indenter load is the

depth of penetration by the indentais the contact radiug,is a correction factor that depends

on the material properties, the geometry of the indenter and the penetration depth, 336k E
reduced modulus, andl is the projected (cross-sectional) contact area. Recently, Adileds
demonstrated the dependencef @ the penetration depth and tip for elastic—plastic materials,
and the consequent effect on hardness and elastic modulus measurements [355]. In this study,
the correction factof of 1.034 was used in the calculations to account for the tip geometry of
Berkovich indenter; the dependencefobn the material properties of the fused quartz and
polyterpenol samples was not investigated, thus limiting the quantitative merit of the results
obtained. However, qualitative assessment of the evolution of sample hardness with RF power
can still take place assuming that not taking into account the material-ygfaietdr correction
produces a systematic bias of the same order of magnitude for the different polyterpenol

samples. The hardness of the film samplie Herived from the peak force applied to the sample
Pnax and the projected contact aréa asH =%, whereAd = f(h.). The reduced elastic

modulus accounts for the deformation of both the indenter and the thin polymer film, and can be

(1-v?) + a-vh

expressed throughl— = :
E, E E;

whereE is the elastic modulus of the sampieis

related to Poisson’s ratio of the specimen under investigationEaand v, are the elastic

modulus and Poisson’s ratio pertinent to the material of the indenter.

In nanoscratch experiment, the samples were subjected to a ramp force profile, with a maximum
force of 2000uN, a scratch length of 20 nm, over 30 sec. As with indentation experiments,
Berkovich probe was used for scratching, with orientation of the Berkovich tip being between
the face forward and edge forward relative to scanning direction [356]. A two-dimensional force
transducer of the nanoindentation probe allows for force measurements in the lateral and
vertical directions, from which the friction coefficient of a material can be determined as the
ratio between the lateral force and the normal (applied) force [357,358]. Multiple measurements
collected for each sample were plotted as normal displacement vs normal force to estimate
adhesion between the polymer thin film and the glass substrate. Visual examination of the
surface in response to the deformation was conducted using post-scratch topographical scans.
The cross hatch test using the Elcometer 107 kit was also performed to obtain a standardised
(ASTM D3359) qualitative assessment of the adhesion between polyterpenol films and glass

substrate.
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IV.1.3 Results and Discussion

IV.1.3.1 Surface morphology

The surface morphology of polyterpenol thin films fabricated under different RF power
conditions was studied using AFM in semi-contact mode. When comparing to AFM contact
mode, where the high tip—to—surface forces can mechanically deform the surface under the
investigation, the short intermittent contacts between the tip and the sample surface
characteristic of AFM tapping mode reduce the inelastic deformations to the surface of the
sample. Furthermore, the effective forces applied to the surface are smaller than those of the

contact mode.

Table IV.1.1. Roughness of polyterpenol thin films deposited at different input RF power.

iow 15W 25W 50W 75W 100W
Maximum peak height R, nm 5.29 450 450 3.60 352 293

Average Roughness,Rim 044 043 040 040 035 0.33
Root Mean Square,Rnm 0.56 0.55 054 051 044 042
Surface skewnesgR 0.11 0.07 0.39 0.20 0.13 0.05
Coefficient of kurtosis R; 1.47 0.13 1.56 0.29 0.20 0.20

Scanned images representative of the samples are presented in Figure 1V.1.2 and roughness
parameters for the films are summarized in Table 1V.1.1. The surface of unmodified glass
substrate was also scanned and used as a reference. Independent of deposition power,
polyterpenol coatings were smooth, uniform and defect free, lacking comparatively prominent
features (maximum peak height of 15.1 nm) present on the surface of unmodified substrate.
Smooth surface of polyterpenol films indicates that the polymerization reactions took place
predominantly on the surface of the glass substrate rather than in the gas phase [326]. The
maximum peak heighiR.) decreased for films deposited at higher RF power, from 5.29 nm

for 10 W to 2.93 nm for 100 W. The averag®) (and RMS R;) surface roughness parameters

also decreased, from 0.44 nm and 0.56 nm for 10 W to 0.33 nm and 0.42 nm for 100 W,
respectively. These roughness estimates were in agreement with previously reported roughness
values for polyterpenol established by means of spectroscopic ellipsometry [336]. All polymer
thin films displayed a surface skewneBs() greater than 0 and coefficient of kurtodi&,(

less than 3, i.e. thBy, values describe a disproportionate number of peaks pertaining to the
polyterpenol surfaces; and tli&, values signify the surfaces with well spread out height

distribution [359,360]. There was no observed dependency of the surface skeggsnd
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coefficient of kurtosis Ry) values on the deposition power used during polyteol film

fabrication.
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Figure IV.1.2. Typical twc-dimensional (2D) AFM images and surface profiles of polyterp
thin film surfaces deposited at 10 W (top), 50 W (middle), and 100 W (bottom)
approximately 1 m x 1um scanned arei

According to Pdiccione and Lu, there are multiple factors that would influence the form
of a complex morphology on the surface of a thin film grown via plasma assisted ct
vapour deposition [361] Therefore, the roughness parameters of polyterpenol films wer
investigated as a function of film thickness and deposition rate. Thinner films (below 1
were characteresd by a slightly loweR, compared to films of thickness between 300 and :
nm fabricated under similar deposition conditions. A similar trend for plasma polym

trans-2butene was reported, where overall increase in RMS roughness was attribthe
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increase in low frequency contributions [362]. Higher deposition raten(th vs 0.2um/h) also

resulted in the increase in the surface roughness of the film due to the particles in the growth
region unable to relax fast enough before the next layer of the film is assembled [87]. The
degree of surface roughness has also been demonstrated to depend on the deposition
temperature, with higher temperatures resulting in the increased surface relaxation rate that
allows the short wavelength roughness amplitudes to relax towards longer wavelength more

quickly, resulting in a smoother surface of the plasma film.

Surface morphology is known to influence the wetting behaviour of the solid films, namely the
hysteresis and the mean contact angle of the liquid drop placed on the surface. It has been
demonstrated that for hydrophilic surfaces, where co$ fthe effective contact angle on rough
surface is smaller than the Young's angle of chemically comparable smooth surface. Previous
water contact angles studies on polyterpenol films fabricated under varied RF power showed an
increase ird with deposition power, the increased hydrophobicity predominantly attributed to a
decrease in oxygen containing functionalities present at the surface of the polymer. For films
deposited at 100 W, water contact angle was determined to be approximately 75°, compared to
approximately 60° estimated for 10 W films. Given that hydrophilicity is amplified by
roughness of the surface, as described by Wenzel [363], the decrease in surface roughness with

deposition power is also likely to contribute to increased hydrophobicity of the surface.

IV.1.3.2 Nanoindentation

Many factors, including the mechanistitength and thickness of plasma polymer thin films,
residual stress, anthemical bonds at the interface, are thought to affecadhesive or
cohesive strength of the material. Mechanical failure can take form of delamination at the
interface due to lower adhesive strength; the other form of mechanical failure of the coating is
cracking or brittle failure in the thin film due to lower cohesive strength. Determination of
adhesive ocohesive strength in combination with identification of the critical fa#itess can

be used to determine factors that may contribute to de-bonding of the coating and potential
failure of the device. The effect of experimental conditions at which the nanoindentation and
nanoscratch test are performed, such as the indentation load, loading rate, and hold time in the
case of nanoindentation, and the scratching speed, loading rate, and prolshoadilalso be

accounted for to ensure the correct interpretation of the results.

Mechanical properties of plasma polymerised polyterpenol deposited under different RF power
conditions were investigated using a single indentation metimatl a load-partial-unload

technique. lllustrative single indentation curves from 2000 nm thick polyterpenol film
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fabricated at 10 W and 100 W are presenteFigure 1V.13. It is not uncommon that the 1
would continue to move into the surface of the sample during the holding time as a r
viscous creep of the material. The observed divergence between the unloading and
curves is a reflection of a residiplastic deformation within the indented film. As can be ¢
from polyterpenol material response to the indentation, the film deposited at 10 W is sof
one fabricated at 100 W, with less elastic recovery observed during unloading for the

Furthermore, the softer 10 W film displays more extensive creep deformation occurring

the hold period at maximum load. Single indentations under similar load conditions per
at randomly chosen locations on the surface of the samples confirnral homogeneity of

the indentation behaviour of the filn

200

150

E
< s
2 100 °
a ’,f
_,-" 10 W
50 & 100 W
-
-
I..
O -
0 50 100 150 200 250 300 350 400

Load, uN

Figure IV.1.3. Typical single indentation curves fo-displacement collected for polyterpel
thin films deposited at 10 and 100 W, film thickness 200(

Figure 1V.14 shows typical repeatngle indentation profiles under increasing indentation

of polyterpenol film deposited at 75 W. In order to collect thin film only plastic resp
indentation depths of no more than one tenth of the overall thickness of the film were en
so tha the stress field remains within the film and the measurement is not influenced

substrate. The variation in hardness with indentation depth was determined from repeat
indentations on films fabricated under different RF power conditiol is possible that
polyterpenol thin films examined in this study are slightly harder at the surface of the s.
at indentation depth below 130 nm. More likely, however, is that the chain molecular n
is being restricted in the confined region mechanical contact adjacent to the probe,

shallower indents resulting in a more profound expansion impediment due to intrinsic

scales of the material such as the polymer chain l364]. Tweedieet al proposed that the
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superposed contact stress shifgsat the probe—amorphous polymer interface, resulting in a
mechanically distinct region confined between the polymer and the diamond probe [365]. Such
a region may be characterised by a combination of unique structural and physical properties,
with an apparent stiffness that exceeds the elastic response of the bulk polymer. Furthermore,
the choice of the probe material may influence the attraction toward and repulsion from the
probe, consequently affecting the molecular mobility within the contact region via
intermolecular interactions or via stretching or alignment of polymer chains with regard to the

surface of the probe.

It is difficult to determine a definite trend in the hardness of the polyterpenol thin films with
indentation depth due to multiple sources of error. These include the relative non-uniformity of
the indent, such as pile-up and sink-in phenomena observed on some samples, and associated
with it difficulties in precise estimation of the indent area (possible overestimation in the case of
pile-up and underestimation due to sink-in features), respective influences of material properties
and sample thicknesses, creep, to hame but a few. In addition, as the indent is imaged with the
same tip that was employed in the actual indentation process, there is a possibility of imaging
artefacts and tip effects affecting the precision of the measurement. Hence, the values presented
in Table IV.1.2 are indicative of the evolution of the hardness properties of polyterpenol under
changing fabrication conditions, and may quantitatively differ from the actual material

properties due to aforementioned measurement constrains.

Table 1V.1.2. Mechanical properties of plasma polymerised thin films (at 50@ad).

Sample Hardness + SE, GPa  Elastic recovery parameter

10W 0.33+0.02 0.11
15W 0.35+0.02 0.12
25W 0.38 £0.03 0.10
50 W 0.42 £0.02 0.14
75W 0.49+0.01 0.13
100W 0.51+0.01 0.13

Above the plastic depth of 130 nm for films deposited at 10, 15, and 25 W, and above 100 nm
for films fabricated at 50, 75, and 100 W, hardness levels off to an approximately constant
value, indicating there is no significant variation in the structure of polyterpenol coating across
its thickness. The variation in the mechanical properties of polyterpenol thin films with

indentation depth examined using load—partial unload technique revealed that at depths below
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200 nm, the depth profile of the hardness follows a trend similar to that dete using the
single indentation approach. Above the plastic depth of approximately 200 nm, the hart
the system gradually increases due to the stress field no longer being contained within

of the coating. As the influence of the mechanicaperties of the substrate on the elastopl:
response of the filubstrate system becomes more prominent, such data becom

representative of the coating itse
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Figure IV.1.4. Typical AFM image of plastic impressions remaining in polyterpenmple

fabricated at 75 W after indented under different load condi

In order to evaluate the effect such parameters as loading time and dwell time have
indentation behaviour of polyterpenol films, additional single indentations were perfori

samples deposited at 50 W. At constant load ofpf00increasing loading and unloading tir
with rates ) ranging from 0.5 to 20 nm/s, decreased calculated hardness value from 0.
to 0.40 GPa. As the contact depth at maximum load is influenccreep deformation takir
place during the holding time, the hardness values obtained using these maximum cont
estimates will also be affected. Calculated from the tangent of the slope of the unloadin
the modulus will also be directly imgted by the choice of the holding time. Where holc
time is absent or insufficiently low, the film will continue to deform viscoplastically dt
unloading leading to distortions in the shape of the unloading curve. In the case of poly
thin films, increasing the hold time from 3 s to 25 s at constant load ofiMO@sulted in ¢
decrease in the calculated hardness from 0.43 GPa to 0.39 GPa. A logarithmic creep e>
h = A In (Bt + 1), whereh is increase in depth &, t is the holdingtime, andA andB are

fitting parameters, can be used to describe the creep data for polyterpenol, as it t
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previously used to illustrate the indentation induced time dependent part of the plastic
deformation of a number of polymers, ceramics and glasses [348]. Parafatet8 which

relate to the general susceptibility to creep and the rate of the exponential creep process,
respectively, did not change significantly under varied holding time conditions, Avidh
approximately 3.55. To compare, Beake and co-workers estimated that fused silikafhas
approximately 2.2 whilst the value for poly(ethylene terephthalate) (PET) is in the vicinity of
10.1. This indicates that in their creep behaviour, polyterpenol films resemble fused silica more
than they do traditional polymers, due to the high degree of cross linking characteristic of
plasma films. The presence of covalent bonds that connect polymer chains results in restricted
chain movement within the polymer film, and hence the better creep resistance of polyterpenol.
Creep constank can be estimated from the plot of the plastic deformation as a function of
holding time using-|=Hot'k, whereH is hardnessH; is the hardness at=1 min andt is the

holding time. For polyterpenol thin films fabricated at 50 W, the creep constant was determined
to be approximately 0.05, similar to that reportedf 0.07 for plasma polymerised hexane
films, andk values of approximately 0.04 and 0.09 for such conventional thermoplastics as PET

and poly(ethylene oxide), respectively [348].

Regression analyses of the force curves collected for the polyterpenol samples indicated the
hardness increased with the deposition power, from 0.33 GPa for 10 W to 0.51 GPa for 100 W
at 500uN load, as presented in Table IV.1.2. The elastic recovery was calculated,as-

h.)/h., wherehyis the maximum indent depth ahdis the contact depth-or polyterpenol

films, the elastic recovery parameter was estimated to be between 0.1 and 0.14. The increase in
hardness is attributed to the increase in the degree of cross-linking within the polymer thin film
as a direct consequence of the increased RF power delivered into the deposition chamber [366],
which is in agreement with previously reported FTIR and XPS results. Highly cross-linked
polymers are significantly more rigid and compact compared to conventional amorphous or
crystalline polymeric structures as the vibrational movement of the carbon backbone of the
polymer is restricted by the presence of a multiple covalent bonds between polymer chains,
conferring improved mechanical properties to this three-dimensional structure compared to a
linear thermoplastic polymer [367,368]. Studies conducted on hexamethyldisiloxane and
acetylene films demonstrated further improvement of the hardness and wear resistance of these
plasma polymerised coatings can be achieved by applications of such post deposition treatments
as an oxygen plasma treatment and ion implantation, respectively [368,369]. The modification

is generally localised to the surface region of the film.
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IV.1.3.3 Nanoscratch

a. b N
— 20
2
=
2 £ E
8 7y é L.
3 T % e e
o o =9
w *'3" =
E ] g 80
Z ;‘
Rammam—— pre scan
3 100 — suralch scan
= = post scan
. 120
Time, s
0 10 20 30 40 50 60

pm

[

wird
<

9 < b g

0 100 200 300 400 500

pm
2 4 6 g 10 12 14 16 18 2

=1

1

wid

9 ¢t €

0 100 200 300 400 500 o 20 40 €0 30 100 120 140 160

nm

i
pm

!

S b E

9

0 100 200 W00 400 500 ¢ 20 40 60 80 100 120 140 16D

|

m

Figure IV.1.5. a) Nanoscratch normal for F, and lateral displacemerd, curves. b)
Nanoscratch depth profile for the polyterpenol thing film coating tested with ramping r
load of 20-2000uN. c) AFM images of scratcs performed on polyterpenol thin filr
fabricated at (a) 10 W, and (b) 100 W under varied normal load; top paneukQ0g@iddle
panel 1500 N, bottom panel 2000NL

Figure IV.15 presents the nanoscratch depth profiles for polyterpenol thin films foximum
normal load of 200@N. The initial state of the surface preceding the scratch is reflectec-
scratch curve, the scratch scan curve corresponds to the actual tip penetration into the .

the course of the testing, whilst the |-scan cure is a representation of residual deforma
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of the sample coating as a result of scratching, that is the plastic deformation of the
coating after unloading the tip. In the case of polyterpenol thin films, the deviation b
scratch and post scacurve indicates partial elastic recovery of the film sample. The re:
plastic deformation was also confirmed by AFM scans, as preserFigure IV.1.5(c). Pile-up
along the scratch trace and at the point of maximum applied normal load is no on the
AFM images of polyterpenol films deposited at lower RF power (depicted by the
shading of the AFM image), indicating different mechanism of mechanical deformati
these coatings. Upon loading, the constant slope of the scratch sciates a homogenous
mechanical response of the material. Application of similar maximum normal loads resi
higher scratch depths in the case of samples fabricated at lower RF powers, indicati

coatings are softer compared to polyterpenol fileposited at increased RF power lev
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Figure 1V.1.6. Nanoscratch data for polyterpenol thin films fabricated at 25 W: (a) lateral
F: and normal displacemen,, and (b) friction coefficient gias a function of time. Coefficie
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In Figure IV.1.6, the nanoscratch data for polyterpenol thin films are presented as a plot of
lateral force Fand normal displacement, éind friction coefficient yas a function of time. As

the normal load increases, the evolution of the coefficient of friction for all the films show an
increase to a stable value, with films deposited at higher RF power being characterised by lower
values of the coefficient of friction. Figure 1V.1.6(c) shows coefficient of friction profiles for
polyterpenol as a function of deposition power and as a function of applied maximum normal
load. Absence of significant fluctuations in the friction coefficient indicates no considerable
damage, cracking or delamination of the coating occurred. Coatings deposited at higher RF
powers showed less mechanical deformation and hence are likely to be more stable and less
susceptible to wear. Overall, all polyterpenol films were characterised by sound adhesion to the
substrate. The friction coefficient was also found to be independent of the normal load applied

during the nanoscratch test.

IV.1.3.3 Cross-hatch testing

Potential for damage and delamination of polyterpenol coatings was also assessed using a cross
hatch test that provides a standardised (ASTM D3359) qualitative assessment of the adhesion of
the coating to the substrate. The adhesion behaviour of polyterpenol thin films deposited on
glass, PET and polystyrene (PS) is summarised in Figure 1V.1.7. Independent of the substrate,
the quality of adhesion is improved for samples deposited at higher RF power. Sample
fabricated at 10 W was characterised the least favourable adhesion response, with delamination
affecting between 15% and 25% of the surface area, whilst samples deposited at 20 W and 50
W displayed minimal (less than 5 %) damage to the sample surface, and no delamination was
detected for 75 W and 100 W polyterpenol films. Such improved performance of the latter two
film types is associated with enhanced interfacial bonding as a result of increased ion
bombardment during plasma aided deposition. For films deposited at lower powers, surface
modifications of the substrate prior to film deposition can be used to improve the quality of
adhesion. Plasma-assisted surface cross-linking, surface activation using argon or argon-
nitrogen gas mixture, or addition of adhesion layers are some of the methods to enhance the
bonding within polymer thin film-substrate system. Examination of the optical images for the
scratched samples also suggests a difference in the hardness of the polyterpenol coatings
deposited under varied RF power conditions. Thin films deposited at an RF power of 10 W
appear to be softer, with visible damage to the surface of the coating other than adhesion failure
as a result of tape application and removal. These results are consistent with hardness evaluation

performed using nanoindentation system.
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IV.1.4 Conclusions

Thin films of polyterpenol were fabricated using RF plasma polymerisation under vari
deposition power levels and their mecical and tribological properties were examined u

nanoindentation and nanoscratch analyses. Independent of deposition power, poly
coatings were smooth, uniform, and defect free. Smooth surface of polyterpenol films ir
that the polymerizabin reactions took place predominantly on the surface of the glass st
rather than in the gas phase. The averR; and RMS R;) surface roughness parameters

decreased, from 0.44 nm and 0.56 nm for 10 W to 0.33 nm and 0.42 nm for 1
respedtely. Coatings fabricated at higher deposition power were characterised by im
hardness and enhanced wear resistance. The hardness increased from 0.33 GPa for 1C
GPa for 100 W at 500N load. The elastic recovewas estimated to be betw: 0.1 and 0.14.
Absence of significant fluctuations in the friction coefficient indicates no considerable d:
cracking or delamination of the coating occurred. Coatings deposited at higher RF

showed less mechanical deformation attributed to ased degree of crc-linking associated
with higher input power and hence are likely to be mtable and less susceptible to we
Potential for damage and delamination of polyterpenol coatings was also qualitatively &
using a standardised cr-hatch test. Independent of the substrate, the quality of adhes
improved for samples deposited at higher RF power; the results consistent with those

using nanoindentation system. This study substantiate that the polyterpenol, which adll

to many commonly used substrates, is a potential candidate for thin film applications

require smooth and uniform surface
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CHAPTER V

CHEMICAL AND PHYSICAL STABILITY UNDER VARIED
ENVIRONMENTAL CONDITIONS
In this chapter, stability of polyterpenol under ambient and extreme environmental condition is

investigated.

In Section V.1 chemical and physical properties are observed over prolonged periods of time,
providing crucial information regarding the feasibility of employing the polyterpenol thin films.
Considering that certain applications require the materials to maintain their properties after
being exposed to high temperatures, such as during some stages of the IC fabrication, whereas
others favour those materials that can thermally disintegrate living minimal residue, thermal
degradation of polyterpenol is investigated. The results of this study are publisBada&s,

K., Jacob, M. V., Post-deposition ageing reactions of plasma derived polyterpenol thin films.
Polymer Degradation and Stability 2010, 95, 1123-1128.

Understanding of the interactions that take place upon exposure of the polyterpenol material to
common solvents are fundamental in determining the stability and degradation profile of these
films. As discussed in Section V.this information is essential in ascertaining solubilisation
potential of polyterpenol when exposed to solvents used for wet processing in IC fabrication.
Similarly, ability to withstand or degrade upon contact with physiological fluids will
predetermine biomaterial applicability of the polyterpenol coatings. Surface tension, wettability
and solubility properties of polyterpenol are presenteBdmaka, K., Jacob, M. V., Solubility

and surface interactions of RF plasma polymerized polyterpenol thin films
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V.1 POST-DEPOSITION AGEING REACTIONS AND THERMAL
STABILITY OF POLYTERPENOL

Abstract

Owing to the structural flexibility, uncomplicated processing and manufacturing capabilities,
plasma polymers are the subject of active academic as well as industrial research. Polymer thin
films prepared from non-synthetic monomers combine desirable optical and physical properties
with biocompatibility and environmental sustainability. However, the ultimate expediency and
implementation of such materials will dependent on the stability of these properties under varied
environmental conditions. Polyterpenol thin films were manufactured at different deposition
powers. Under ambient conditions, the bulk of ageing occurred within first 150 h after
deposition and was attributed to oxidation and volumetric relaxation. Films observed for further
12 months showed no significant changes in thickness or refractive index. Thermal degradation
behavior indicated thermal stability increased for the films manufactured at higher RF powers.
Annealing the films to 405 °C resulted in full degradation, with retention between 0.29 and 0.99

%, indicating films’ potential as sacrificial material.

Keywords: Ageing; ellipsometry; encapsulating layer; thermal degradation;

As published in: Bazaka, K., Jacob, M. V., Post-deposition ageing reactions of plasma derived
polyterpenol thin films. Polymer Degradation and Stabifi10, 95, 1123-1128.
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V.1.1 Introduction

Organic polymer thin films deposited by means of plasma polymerisation hold the prospects of
combining advantageous properties of the precursor, such as biocompatibility, with the
attractive features offered by plasma polymerized thin films, such as high adhesion to substrate
and surface uniformity, and have been discussed by many authors [77,216,320,340,370]. Actual
and potential applications for such polymer films include areas such as semiconductor
technology, protective and biocompatible coatings, permselective membranes, sacrificial
materials and as adhesion promoters [87,90,371]. The implementation of plasma polymer
materials will be influenced by the extent to which a polymer film’s properties deteriorate or
change under ambient environment or when subjected to extreme environmental conditions,
such as annealing. High material stability is essential for applications where the original
properties are to be maintained during the intended lifetime of the device. On the other hand, a
low point of thermal decomposition and low retention rate are a critical characteristic for
sacrificial materials, which are used for closed cavity nanometer scale air gap structures in

photonics and in semiconductor devices [372-374].

Recently, a novel organic polymer material was reported [336]. Films were fabricated from non-
synthetic terpinen-4-ol by means of radio frequency plasma polymerisation. With the refractive
index and extinction coefficient values at 500 nm of 1.55 and 0.0007 respectively, optical band
gap of 2.67 eV, and smooth defect free surface, these films have prospective applications in
optics and electronics. As an optically transparent film, polyterpenol film can also be
implemented as an encapsulating (protective) layer for the circuit boards. Manufactured from an
environmentally friendly natural source, these films are potentially biocompatible and therefore
can be utilized as coatings where biocompatibility is essential, e.g. organ implants. Yet, the

ultimate expediency of polyterpenol material is dependent on the stability of the films.

In this study, the stability and thermal degradation of polymer thin films derived from organic
terpinen-4-ol monomer is examined. The effect of deposition RF on the stability of the polymer

films is scrutinized.

V.1.2 Experimental

Amorphous polyterpenol thin films were prepared using capacitively coupled 13.56 MHz radio
frequency plasma deposition with detailed description of the experimental arrangement outlined
elsewhere [336]. Samples were fabricated at RF power levels of 10 to 100 W. Films of
approximately equal thickness were achieved by gradual increase of deposition time for higher

RF power. As substrate materials, glass slides, ultra-flat Si wafers (100) and KBr windows were
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employed to be used for ellipsometric, x-ray reflectometry (XRR) and Fourier transform
infrared spectroscopy (FTIR) studies respectively. Prior to plasma deposition, the Si wafers and
glass slides were washed in solution of Extran and distilled water, ultrasonically cleaned for 30
min and rinsed with ethanol to remove any inorganic contaminants. The wafers were further
treated with piranha solution (20%,%0, in concentrated }D,) for 3 h to destroy residual
organic contaminants. The wafers and glass slides were thoroughly rinsed with double distilled
water and blown dry. The cleaning protocol produced a hydrophilic surface, leaving a relatively

dense layer of Si-OH groups on a silicon oxide layer, without notably roughening the surface.

Samples of approximately ~700 nm thickness were stored in ambient conditions (23 °C) and
their material properties were observed for 1128 h. Optical properties and film thickness were
monitored using variable angle spectroscopic ellipsometer (model M-2000, J. A. Woollam Co.,
Inc.). Images were taken by means of NT-MDT atomic force microscope (AFM) to estimate the
alteration in the surface of the film. Scans were obtained using Nicolet Maxim FTIR
spectrometer immediately after deposition and after 1000 h of ageing to determine the change in
the chemical structure of the films. Samples of ~ 45 nm thickness were examined using XRR
after 150 hours and after 12 months of storage to ascertain changes in atomic thitkness (
interfacial roughness df and scattering length densitysl(D) of the films. The XRR
measurements were acquired as a function of incident af)gle dir using a Panalytical X'Pert

Pro reflectometer with Cud(\ = 1.54056 A) radiation.

Films of ~ 600 nm thicknesses were first kept in ambient conditions for the material to stabilise.
Then, thermal stage option of the ellipsometer was used to cillsitt dynamic ¥ and 4
parameters (at fixep = 70°) for the samples while they were annealed up to 405 °C.
Temperature was applied to the stage in 10 °C steps with 5 min intervals to maintain thermal
equilibrium between the sample and the stage. FTIR scans were performed before and after

annealing samples to 200 and 300 °C.

V.1.3 Results and Discussion
V.1.3.1Surface properties

AFM examination of the films immediately after the deposition and subsequently after 1128 h
in ambient environment showed no visible change had taken place (Figure V.1.1). As deposited,
all polymer films were found to be smooth and defect free, suggesting the polymerization
occurred predominantly on the surface of the glass substrate rather than in the gas phase.
Irrespective of deposition power, exposure to ambient environment for 1128 h did not visibly

change the surface topography of the polyterpenol samples. Statistical analyses of films as-
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deposited and post-exposure were performed against such surface descriptors as average
roughness (B, RMS roughness (R maximum peak height (&), surface skewness &) and
coefficient of kurtosis (R;). Roughness parameters such as R, and R.x were not
statistically different (p > 0.05) from the respective as-deposited values. Average roughness R
for the films was around 0.3 nm. All polymer surfaces displayed the surface skewpgss (R

and coefficient of kurtosis (&) < 3. Such values for g, and Ry, indicate a disproportionate
number of peaks pertinent to the polyterpenol surfaces and a well spread out height distribution,
respectively. Minor variations in these values were attributed to the inherent properties of the
area of the polymer film being scanned. They were also found not to be significantly different (p

> 0.05) for samples as-deposited and after 1128 h of exposure. Thus, the polyterpenol films are
stable under ambient conditions and therefore can be applied as transparent encapsulating layers

in electronic circuitry.

Figure V.1.1. AFM image of 25 W polyterpenol films as deposited and after 1128 h.

V.1.3.2 Film thickness and roughness

Film thickness was monitored through ellipsometric paraméfteand4 and transmission data
collected over a wavelength range of 200-1000 nm at angles of incigle®&e, 60°, and 65°.

Data was obtained near the Brewster angle for the material to minimise noise and systematic
error [375]. The position of the glass slide in relation to the ellipsometry stage was recorded and
used for subsequent measurement to reduce sampling error. Sample thicknesses remained
approximately constant over the observation period (Table V.1.1). Minor thickness reduction
observed in samples fabricated at 25, 50, 75 and 100 W can be explained by molecular
relaxation and gradual increase in density during an extended ageing process. Comparable
ageing behaviour has been previously noted for glassy polymers like polysulfone, with 0.8 %
thickness reduction over 250 days of observation [376]. Minor thickness increase detected in
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samples deposited at 10 and 15 W was likely due to the oxygen uptake into the chemical

structure of the material through alkyl radical termination [377].

Table V.1.1. Change in thickness and refractive index (at 300, 600 and 900 nm) of Polyterpenol

films subjected to 1128 h in ambient environment.

Refractive index change, % Thickness
300 nm 600 nm 900 nm change, %
mnow 0.02 0.08 0.02 0.28
15W 0.08 0.08 0.14 0.32
25W 0.34 0.23 0.05 -0.12
50 W 0.49 0.28 0.07 -0.11
75W 0.58 0.32 0.14 -0.36
100W 0.49 0.41 0.18 -0.37

Power

The effect of deposition power on thermal stability of polyterpenol films was examined using
dynamic ellipsometric data¥( and 4) from annealing samples to 405 °C. Preliminary
examination of and4 data indicated all samples were relatively stable up to approximately
245 °C, with the degradation onset shifting to higher temperatures for samples deposited at
increased power levels. Greater thermal stability for this temperature range can be ascribed to
higher degree of cross-linking in polymers fabricated at 50, 75 and 100 W. Prior to the onset of
bulk degradation, 10, 15 and 25 W samples underwent insignificant thermal decomposition
attributed to desorption of low molecular weight species, similarnmethylstyrene . Above

245 °C, notable alterations # and4 parameters suggested the materials were undergoing a
phase change, with concurring rapid reduction in thickness, as demonstrated in Figure V.1.2,

and significant increase in refractive index.

Annealing to 405 °C resulted in complete decomposition of the films with residue levels
ranging between 0.29 and 0.99 %, compared to 0.8 to 5.8 % residue reported for plasma
polymerized poly(methyl methacrylate) [340,378]. This is a favourable result if the material to
be considered for use as a sacrificial layer in air gap fabrication that requires low onset
degradation temperature and least residue [377]. Furthermore, by varying deposition conditions,
RF power in this case, a range of onset decomposition temperatures can be achieved, an

important factor if the material to be considered for integration in multi-component structures.
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Figure V.1.2. Film thicknesses as a function of temperature for polyterpenol films (to 405 °C).

XRR studies of films of approximately 45 nm in thickness were conducted to ascertain changes
in atomic thicknessd), surface roughness and scattering length denSity))( of the films

subject to long term exposure to the ambient environment. Reflectometry probes the structure of
a thin film normal to the surface by measuring the specularly reflected beam as a function of the
momentum change perpendicular to the surfag®e Similarly to spectroscopic ellipsometry,
where reflection of light off a thin uniform layer deposited on a surface of a substrate results in
interference fringes the period of which is directly proportionate to the layer’s thickness and the
magnitude of which is closely related with layer’'s refractive index, x-ray reflection leads to
oscillations (Kiessig fringes) from which the thickness of the layer can be determirted by
274Q,. Using the Parratt formalism, reflectivity data were fitted asRpgfs Q, with
corrections for a linear background, resolution smearing, and Gaussian roughness at each

interface [379]. The SLBalue of 20.1 18A?was assumed for Si and native oxide layer.

The air-solid reflectivity measurement from the polyterpenol film deposited at 25 W is shown in
Figure V.1.3, where symbols represent the observed reflectivity data and a solid line is the
calculated reflectivity profile derived from the single layer structural model. Films were found

to be of uniform density and high smoothness, latter being confirmed by a large number of
Kiessig fringes persisting to higQ, where instrumental background commonly dominates.
Surface roughness was calculated to be in a range of 0.35 nm compared to 0.3 nm obtained from

AFM studies. A discrepancy between roughness values obtained from AFM and reflectivity
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data stems from the difference in measurement areas between these techniques % 1@

um and 1 cm x 1 cm for AFM and XRR respectively.
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Figure V.1.3. X-ray reflectivity data and fit for Polyterpenol film deposited at 25 W.

Refined structural parameters for polyterpenol films, such as SLD, thickness and surface
roughness, were determined from reflectivity data collected after 150 h and 12 months of
exposure to ambient environment. The difference between the values was negligible, frequently
below the modelling error value for the respective fitted parameter. In addition, although care
was taken to conduct measurements in the exactly the same location, such error could have
attributed to the discrepancy between the before and after values. Deposition power was found
to have no significant effect on the long term stability of the polymer. Therefore, under ambient
conditions, the polyterpenol films are stable in terms of their atomic thickness, roughness and

scattering length density, latter being a factor of polymer density and composition.

V.1.3.3 Optical properties

The optical properties of the polyterpenol films as-deposited and approximately 1128 h post-
deposition are presented in Table V.1.1. The change in refractive index (at 300, 600 and 900
nm) over the duration of the measurement period is demonstrated in Figure V.1.4. Within the
first 150 h after the deposition, the refractive index increased for all the samples independent of
deposition power. Rapid deterioration of films’ optical properties (first 150 h) was followed by

a slowdown in the rate of change as the materials approached their thermodynamic equilibrium

state. The index remains stable thereafter indicating the bulk of the degradation of Polyterpenol
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films occurred within the first 150 h after deposition, irrespective of the power level at which

the samples were deposited.
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Figure V.1.4. Refractive index at 300, 600 and 900 nm as a function of time for Polyterpenol
thin films deposited at RF power of 10, 15, 25, 50, 75 and 100 W.

Absorption spectra of samples were collected as-deposited and after 12 months of exposure to
ambient environment using UV-Vis Spectroscope to ascertain if films retained their optical
transparency over the visible part of the light spectrum. Unlike other studies where increase in
deposition power resulted in broadening and/or shifting of position of the absorption peak [96],
polyterpenol films deposited at different power levels possessed similar absorption profile with
the main absorption peak around 295 nm which was attributed to* girgpisitions. Figure

V.1.5 demonstrates the UV-Vis absorption behaviour of the polyterpenal thin film deposited at
25 W prior to and after 12 months of storage. As can be seen from the graph, exposing the
polyterpenol sample to ambient environmental conditions had no significant effect on the
absorbance spectrum of the film irrespective of the deposition power. This is a favourable result
if the material is to be considered for applications where optical transparency is essential, such

as an encapsulating (protective) layer for the circuit boards.
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Figure V.1.5. UV-Vis absorption spectrum of Polyterpenol film deposited at 25 W.

Annealing samples to 245 °C did not result in any significant change in the refractive index of
the material, with films deposited at 50, 75 and 100 W showing higher degradation onset
temperature compared to ones deposited at 10, 15 and 25 W, due to lower degree of cross-
linking for the latter. Above 245 °C, all materials were undergoing a phase change, with

significant increase in refractive index, as shown in Figure V.1.6.
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Figure V.1.6. Dynamic refractive index for Polyterpenol films as a function of annealing

temperature.
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V.1.3.4 Chemical properties

FTIR spectra of samples fabricated at 10, 15, 25, 50, 75 and 100 W as-deposited and after 1128
h of exposure to ambient conditions were compared to understand the nature of the degradation
process taking place. Absorption bands were assigned based on reference infrared group
frequencies and a previous study [336]. From previous study, IR spectra of the films deposited
at varying power levels primarily differed in magnitude of the spectra peaks, the behaviour that
was confirmed during this study. Therefore, it can be assumed that samples deposited at
different powers are likely to exhibit similar degradation behaviour. After 1128 h for samples
deposited at 10 and 15 W, there was no significant change in the spectra other than a small (in
the region of 1%) increase in intensity of the broad peak at 343@hancan be attributed to an
uptake of oxygen into the chemical structure of the material typically observed in plasma
polymers. However, the oxidation taking place in these polyterpenol films was less pronounced
compared to other plasma polymer films under similar ageing conditions, such as poly(
methylstyrene), where the inclusions of additional oxygen containing groups (such as C-O and
C=0) were reported [377].
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Figure V.1.7. FTIR spectra for Polyterpenol thin films deposited at a) 10 W and b) 100 W as

deposited and after 1128 h in ambient environment.

Figure V.1.7 demonstrates the FTIR spectra for polyterpenol thin films deposited at 10 and 100
W. There was no observable difference (less than 0.05%) between as-deposited and post-1128 h
spectra for samples deposited at 25, 50, 75 and 100 W confirming the respective change in
refractive indices was attributable to material relaxation [380]. Interestingly, in the case of poly

(o—methylstyrene), samples deposited at higher power showed higher levels of oxygen
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incorporation due to the presence of higher concentration of radical sites, while polyterpenol
films demonstrated a reverse trend, with polymers deposited at 100 W being incorporating less
oxygen compared to 10 W samples. Other experiments (results not shown here), including
surface energy calculations, Raman and XPS, confirmed that polymers deposited at higher RF
powers were more chemically and physically stable than the films fabricated at lower powers

due to the higher degree of cross-linking and reduced oxygen content.

FTIR spectra for polyterpenol films as-deposited and post-annealing were compared to gain
further insight into thermal stability of the material (Figure V.1.8). In general, thermal treatment
up to a certain temperature increases the mobility of the cross linked polymer chains in the bulk
of the film, hence favouring the recombination of free trapped radicals, and is often used to
improve the stability of the plasma polymer, although it also results in a notable weight loss. As
evidenced by the change in thickness (Figure V.1.2), samples fabricated at 10, 15 and 25 W
display two distinct regimes of decomposition, which is not the case for films fabricated at
higher RF powers. For these films, the first regime is commencing at approximately 100 °C and
is largely driven by desorption of low molecular weight species prior to the onset of bulk
decomposition; the less cross linked nature of these films is thought to be the likely cause,
similar to poly¢—methylstyrene). The second phase of decompaosition begins at approximately
200 °C. Films fabricated at 50, 75 and 100 W begin to thermally decompose at significantly
higher temperatures, 175, 195 and 205 °C respectively, the shift to higher onset degradation
temperature is attributed to the increasing degree of cross linking pertinent to these polymers.
Furthermore, as demonstrated in Figure V.1.7, polymers fabricated at lower RF power contain
higher amounts of oxygen containing moieties, such as hydroxyl and carboxyl groups, that are
characterized by weaker bonds with lower dissociation energy compared to most C—H bonds.
As C-O bonds are more polar than hydrocarbon bonds, new reaction pathways are generated as
the lone electron pairs undergo acid/base interactions. FTIR spectrum for 200 °C was almost
identical to one for as-deposited film confirming that the thermal degradation over this
temperature range was principally due to weight loss [377]. Between 200 and 250 °C, the rate of
weight loss increases, particularly for samples deposited at lower powers, however the
refractive index remains relatively stable. Above approximately 250 °C, all polyterpenol films
undergo a phase change which is reflected in a rapid increase in refractive index and
concomitant reduction in film thickness (Figures V.1.2 and V.1.6). Side groups that are weakly
bonded to the carbon backbone and that form stable small molecules, such as hydroxyl moiety,
have been demonstrated to split off the polymer molecule easily. Polyvinyl alcohol and
polyvinyl acetate have been shown to undergo non-radical depolymerization process of

hydrogen abstraction via elimination of water [381]. Similarly, hydrogen abstraction is believed
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to be the likely process to transform the original polyterpenaol film into a less hydrocarbon dense
structure. A spectrum for 300 °C confirms hydrogen abstraction, with significant reduction in
intensity of peaks assigned to stretchingand bending®) of C—H bonds [2955 cih(v,(C—

H)), 2930 crit (v4(C—H)), 2875 crif (v(C—H)), 1459 crit (5,(C—H)) and 1380 cih(d(C—H))],

hydroxy group [3460 cih(v(-OH))], and increase in intensity for peaks associated with carbon-
oxygen stretching [1707 ¢h{v(C=0)), 1150 cril (v(C-0)), 1050 ci} (v(C—0))]. Furthermore,

the peaks widened indicating a loss in homogeneity in bonding environments [377]. Absent
from the original spectrum, a new peak indicative of unsaturation appeared [1608 cm
(»(C=Q))], although it might have been previously obscured by the relatively strong carbonyl
peak. Due to the cross linked nature of polyterpenol, the scission of weaker C—H bonds is also
likely to takes place, with the hydrogen at tertiary carbon atoms being the likely initiation site.
For brunched and cross linked hydrocarbon polymers, thermal degradation via radical transfer
to the tertiary carbon atom followed by the scission of a C—C bond {+ffesition is another

common degradation pathway.
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Figure V.1.8. FTIR spectra of samples fabricated at 25 W as-deposited and after successive
annealing to 200 and 300 °C.

V.1.4 Conclusion

Optical parameters, thickness and chemical structure of polyterpenol thin films prepared by
radio-frequency plasma deposition from organic terpinen-4-ol monomer at different deposition
powers were observed over the period of 1128 h. Under ambient conditions, the bulk of ageing

occurred within first 150 h after deposition and was attributed to oxidation and volumetric
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relaxation. Changes of under 0.58 and 0.37 % in refractive index and thickness respectively
were insignificant confirming the Polyterpenol films were stable when in contact with ambient

environment and therefore can potentially be used as an encapsulating layer in circuitry.
Thermal ageing studies indicated thermal stability increased for the films manufactured at
higher RF powers. Annealing the films to 405 °C resulted in full degradation, with retention

between 0.29 and 0.99 %. Films deposited at lower RF powers showed most promising
decomposition outcomes due to their less cross-linked structure compared to the films
fabricated at higher RF power. Polyterpenol films are therefore believed to have great potential
for use as sacrificial material in air gap fabrication due to their controllable degradation onset

temperature and minimal residue levels.
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V.2  SOLUBILITY AND SURFACE INTERACTIONS OF POLYTERPENOL
THIN FILMS

Abstract

Organic thin films have myriad of applications in biological interfaces, micro-electromechanical
systems and organic electronics. Polyterpenol thin films fabricated via RF plasma
polymerization have been substantiated as a promising gate insulating and encapsulating layer
for organic optoelectronics, sacrificial place-holders for air gap fabrication as well as
antibacterial coatings for medical implants. This study aims to understand the wettability and
solubility behavior of the nonsynthetic polymer thin film, polyterpenol. Polyterpenol exhibited
monopolar behavior, manifesting mostly electron donor properties, and was not water soluble
due to the extensive intermolecular and intramolecular hydrogen bonds present. Hydrophobicity
of polyterpenol surfaces increased for films fabricated at higher RF power attributed to
reduction in oxygen containing functional groups and increased cross linking. The studies
carried out under various deposition conditions vindicate that we could tailor the properties of

the polyterpenol thin film for a given application.

Keywords: biomaterials; coatings; contact angle; optical coatings; organic semiconductors;

As submitted to: Bazaka, K., Jacob, M. V., Solubility and surface interactions of RF plasma

polymerized polyterpenol thin films (in review).
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V.2.1 Introduction

Organic thin films have a wide variety of current and potential applications in biological
interfaces and sensors, in micro-electromechanical systems, and in organic electronics,
including protective coatings, waveguides and component materials [85,86,319]. Thin films can
be produced from organic precursors using a variety of technigues, including spin-coating and
plasma-enhanced chemical vapor deposition [89,90/96h equilibrium plasmas have been
gaining popularity for the fabrication of polymer thin films as the method allows for deposition
of smooth, defect free and uniform films from organic composites that may not necessarily
polymerize through conventional thermo chemical pathways [87,88,98]. Polymers produced at
different RF powers exhibit different chemical and physical properties, including structures with
property gradient. The RF polymerization conditions include the geometry of the reaction
chamber, the magnitude of the excitation signal or the manner the energy is delivered into the
chamber. For instance, low energy, pulsed plasma, off-glow deposition and lower substrate
temperatures are conditions likely to enhance the retention of the original monomer constituents
in the polymer [322,339,382]. Plasma techniques are also widely used for surface modifications
of polymer materials, altering the surface energy, roughness and chemical functionality of the
material, improving adhesion of photoresists and developers in lithographic processes
[383,384].

An organic polymer thin film material fabricated from non-synthetic monomer terpene-4-ol
using radio frequency polymerization exhibited some interesting properties [336]. The key
features of the polyterpenol thin films were transparency, optical comparable to glass, insulating
electrical properties [337,350,353]. Relatively high degradation temperature and low post-
annealing retention rates indicated polyterpenol is a potential sacrificial material. The developed
material can be used in microelectronics field for air gap fabrication to replace low-k materials
and to produce sealed nano-channels for biomedical testing applications [347,385]. Terpinen-4-
ol is known for its antibacterial, antifungal, antiviral, and anti-inflammatory properties [386].
Manufactured from an environmentally friendly natural source, these films are potentially
biocompatible and therefore are considered for applications as coatings in situations where
biocompatibility is essential, such as in organ implants. Surface modification of biomaterials
using plasma enhanced techniques have been recognized as an economical and effective method
by which biocompatibility and biofunctionality can be achieved, while preserving the favorable
bulk characteristics of the biomaterial, such as strength and inertness [200,283,352]. Plasma
deposition of organic polymers, such as films of polyterpenol, affords device manufacturers a

flexible and environmentally friendly process that enables tailoring of the surface morphology,
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structure, composition, and properties of the material to a specific need. Polyterpenol thin film
coatings deposited on glass substrates at low power conditions, i.e. 10 W, have been shown to
retain the antibacterial properties of its precursor against selected human pathogenic bacteria

and prevent adhesion and proliferation of the bacterial cells on the film surface.

Surface free energy provides valuable information about the type of interactions that occur at
the interface between the solid and the liquid [182]. Should a material be chosen as a sacrificial
layer for air-gap fabrication, it is essential that such material retains its original dimension in the
presence of a variety of acids, bases and organic solvents commonly used in IC processing, until
it is thermally decomposed as one of the latter stages of IC fabrication. Where a wet etching
procedure is chosen to remove the placeholding material, such sacrificial material should
display selective solubility to the chosen solvent [387]. For polymer material to be considered as
an appropriate coating for implantable medical devices, such coating should be biocompatible,
yet prevent biofilm formation on its surface. Wettability of the surface has been shown to
greatly influence the events that take place upon implantation of the material into the host body.
Wetting by physiological liquids predetermines the subsequent adsorption of proteins and cells
to the surface of the implanted materials [188], and therefore is detrimental to blood/cell/ tissue
compatibility [189-191]. A correlative relationship has been demonstrated between surface
wettability and blood/ cell/tissue compatibility, with higher degree of wettability linked to a
higher level of cell attachment and ensuing spreading rates [192]. The tribological (friction)
behavior of an implantable medical device is highly dependent on the surface wettability, with

more wettable surfaces being generally better tolerated by the body [193].

The goal of this paper is to undertake a detailed study of the surface energy, wettability and
solubility characteristics of polyterpenol when in contact with common processing solvents. In
this paper we examine, by means of a sessile drop contact angle measurement, the wettability of
a wide range of practically relevant solvents on polyterpenol thin films fabricated at a range of
RF deposition powers. The wettability is correlated with the elemental compaosition of the film'’s
surface determined using XPS analysis. From these data, surface energies and solubility

behaviors are extracted.

V.2.2 Experimental

A detailed description of the experimental arrangements is outlined elsewhere [336]. In order to
obtain consistency constant monomer flow is maintained under a constant pressure of 150
mTorr. The amorphous polyterpenol thin films of approximately same thickness of 500nm were

fabricated under various RF input powers of 10, 25, 50 and 100 W. Chemical compositional
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analysis on polyterpenol thin films was carried out by X-ray Photoelectron spectroscopy (XPS)
using an Axis Ultra spectrometer (Kratos Analytical Ltd., UK), equipped with a monochromatic
X-ray source (Al K1, hv = 1486.6 eV) operating at 150 W. The energy scale of the instrument
was calibrated by measuring the binding energies for pure metal foils,;A(E4E 84.0 eV),

Ag 3d, (E,= 368.3 eV), and Cu 2p (E,= 932.7 eV). In the course of the analysis, polymer
thin film samples were bombarded with low-energy electrons to offset surface charging, with
the hydrocarbon C 1s peak compondht= 285.0 eV) used as reference for charge correction.
Energies of 160 eV and 20 eV were used to analyze photoelectrons emitted at 90° to the surface
from an area of 700 x 30QnY for survey and region spectra respectively, recorded at
corresponding steps of 1 eV and 0.1 eV. Kratos Vision Il software was employed to remove
linear background and fit synthetic Gaussian-Lorentzian components to the peaks in the high-

resolution regions of spectra.

Contact angle studies were performed using a KSV 101 system. First, the experimental
procedure was verified by conducting several water contact angle measurements on PTFE. A
linear fit to water contact angle measurements on PTFE performed to validate the experimental
procedure yieldegi=-0.02t +119and R=0.98 which was comparable to the results in literature
[342]. Images were taken for 30 s at 1 s interval and image processing software was employed
to establish the contact angk,by fitting the Young-Laplace equation to the measured drop
profile. For every solvent-sample combination, a contact angle was measured 10 times and the
average was taken as the result. The obtained valug¢svefe used to calculate the surface
tension (also referred to as surface energy with the corresponding unifsamdmmNnT being
dimensionally equivalent) using three different methods, namely the Owens, Wendt, Rabel and
Kaelble (OWRK) [388-390], Van Oss, Chaudhury, and Good (VCG) [391-393], and
Neumann'’s [394] approaches. The interaction between two molecules within substance 1(in this
case, the polymer), immersed or dissolved in substance 2 (the solvent) was determined from

their interfacial tensionyyusing Equation 1 [395,396]:
AGy,, =2y, (]_)

where AGy,; is the free energy change agg can be calculated using the following two

equations:

Yiz = YEY — [vE")? + 2(Jvitve +Vvavs =i v =V vs) ()
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in the case of two completely miscible substances, where the interfacial tension cannot be
directly measured but instead is calculated from the substances’ individual surface tension

components; and

Yst = Vs — Yicos0 (3

for two completely immiscible substances (or any given solid-liquid system), where the

interfacial tension can be derived directly from the measured contact angle 4

OWRK approach assumes the total surface tension of any liquid or solid iptasebe
expressed as a sum of its pojdrand dispersg” fractions of the surface tension as follows
[388,390]:

Yi = Vip + Vid 4)

The polar and disperse fractions of the surface tension of a solid is derived from the contact
angle data of various liquids with known dispersive and polar fractions by transposition of the

following equation to the general equation for a straightfliremx + b:

y = /Vs”x+ ¥ (5)

wherey = (1 + cosf) - y;/2 /yd, andx = ’ylp/yld. In a linear regression of the plot gf

againsix for at least two solventg? is obtained from the square of the slope of the curaedn
y&from the square of the ordinate intercéptNeumann's method of deriving the surface
tension is based on the equation of state theory [394], where the contact angle between the solid

and liquid is given as follows:
cos@ = —1+ ZJ%e_ﬁ(yS_Vl)z (6)

wherey, andy; represent solid and liquid total surface tensions, respectivelyf dadthe
empirically set coefficient related to a specific solid surfgte 0.0001247). VCG approach
postulates the total surface tensiomaafionionic surfaceé consists of two contributions [393]:

the ¥/ component that corresponds to Lifshitz-van der Waals interactions, comprising
dispersion, dipolar, and induction forces, and ##€ component describing an acid-base
interaction, comprising all of the electron-dongrand electron-acceptgj interactions, such

as hydrogen bonding:
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vi=vi" + v = v+ 2yvityi 7

Therefore, for a given solid-liquid system, a complete Young-Dupre equation can be used as

follows:

(1 + cos®)y; = 2(_|ytWyH" + \/VS+V1_ + \/Vs_Ver) (8)

where three parameters for a solid’, y;*, and ¥ can be determined by solving the equation
for three liquids for which the surface tension parametets y;, y;" and contact angle with
the solidd are known. These liquids should be either polar with different parameters, or a

combination of one apolar (such as diiodomethane, withy =0) and two polar solvents.

V.2.3 Results and discussion

V.2.3.1 Elemental composition

Elemental analysis of the polyterpenol thin films deposited at different RF power levels was

performed using XPS, and the results are presented in Figure V.2.1 and Table V.2.1.
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Figure V.2.1. XPS spectra of polyterpenol thin films fabricated at 25 and 100 W RF power.
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Table V.2.1. Elemental composition of polyterpenol thin films deposited at 25 and 100 W RF

power.

25W 100 W

Peaks Binding Energy Atomic fraction Binding Energy Atomic fraction
eV % eV %

Zn2p 1022 - 1022 0.1

O 1s 533 22.8 533 12.2

N 1s 400 0.9 400 0.6

Cls 286 76.0 286 87.1

Si 2p 102 0.3 102 -

Carbon and oxygen dominate the surface of both films (up to 99 at. %), with Si, Zn and N
present in trace amounts (below 1%) and regarded as negligible. Glass substrate and ambient air
were determined to be the most likely contributors of Si and Zn, and N respectively. The
oxygen content significantly decreases from 22.8 to 12.2 % while the carbon fraction increases
from 76.0 to 87.1 % with RF deposition power increased from 25 to 100 W. This result is in
agreement with FTIR and Raman studies of polyterpenol that showed a substantial reduction in
magnitude of the H-bonded O—H stretch related band for polymers fabricated under higher RF

power conditions [200].

The high-resolution XPS spectra for the film deposited under 25 W RF power conditions is
presented in Figure V.2.2. C1ls spectrum encompasses contributions from carbon atoms in at
least four chemical states, with peaks assigned to hydrocarbon species (BE = 285.0 eV) and
functional groups with increasing bonding to oxygen (BE= 286.4, 287.7, and 289.1 eV for C —
0O, C=0and O — C = O species respectively). The N1s spectrum has been fitted to two bonding
environments, nitrogen bonded to carbon (BE = 400.0 eV, C — N) and N bonded to a single
oxygen atom (BE= 402.1 eV). The peak for oxygen O1s could not be fitted to particular
chemical states due to a lack of fine structure although the width of the peak suggests it consists
of more than one bonding environment, most likely originating from functional groups
containing O bonded to C. The Si2p spectrum contains contributions from a single Si species
(BE = 102.0 eV) indicating Si atoms bonded to O. Hence, polyterpenol is mostly hydrocarbon,

with oxygen containing groups being present in the form of hydroxyl and carboxylic acid.
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Figure V.2.2. XPS spectra of C 1s, O 1s, N 1s and Si 2p of polyterpenol thin films fabricated at
25 W RF power.

V.2.3.2 Contact angle and wettability

Any change in the shape of the drop may reflect such solvent/solid interactions as penetration of
the liquid into the solid, swelling of the solid by the liquid, and chemical reactions that may take
place at the liquid/solid interface, and can therefore have an effect on the valyeanaf the
apparent contact angle, Bxamination of raw contact angle data (Figure V.2.3) for glycerol as a
solvent revealed an initial rapid drop in contact angle for all samples independent of their
deposition power and was attributed to the absorption of the solvent into the sample. For
solvents such as ethylene glycol, formamide, and DMSO, the initial rapid drop in contact angle
was also present, however it was more profound for the samples deposited at lower RF powers

and decreased in magnitude with increased deposition power.
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Figure V.2.3. Representative contact angle curves for polyterpenol thin films fabricated at

different RF input power.
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An initial rapid decrease in the contact angle indicates the absorption of the solvent into the
sample is taking place, while a comparatively high rate of change signifies the reorientation of
functionalities at the solid-solvent interface. Polyterpenol thin films deposited at higher RF
power were found to be more hydrophobic compared to the films fabricated at lower RF power,
with water contact angles of 63° and 76° for 10 and 100 W samples, respectively, and was
attributed to the reduction in availability of hydrophilic moieties at the top surface of the
polymer. Improved stability was expected for polyterpenol films fabricated at higher RF powers
due to the increased degree of cross linking and the decrease in the oxygen content associated
with the higher deposition power. Consequently, the polymers deposited at higher RF
fabrication power displayed lower rate of chan@Galculated contact angles for polyterpenol

films deposited at varied RF power levels are summarized in Table V.2.2.

Table V.2.2. Surface tension parameters and corresponding contact arigtegolyterpenol

films deposited at varied RF powers.

Initial contact angle 8
LW AB +

Solvent Y Y Y Y Y
10W 25W 50W 100W

Water 728 218 51.0 255 255 627 687 717 76.3
Ethylene glycol 48.0 29.0 19.0 1.9 47.0 60.1 58.8 58.6 59.0
Glycerol 640 340 300 39 574 730 731 695 698
DIM 50.8 50.8 0.0 00 00 382 381 378 379
Formamide 575 385 190 23 396 532 56.1 589 616
DMSO 436 356 8.0 05 320 312 358 295 380
Hexane 184 - - - - - - - -
Chloroform 273 - - - - - - - -
Ethanol 224 - - - - - - - -
Acetone 240 - - - - - - - -

For solvents such as water, glycerol, DIM, and formamide, the contact angle decreased with
time from its observed value &0, which is due to the reactions between the solid-liquid
interface and/or evaporation are taking place [342]. Drops of different volume were used to
determine if evaporation was the cause of the decrease in contact angle; drop volume was found
not to influence the measured contact angle significantly. Therefore, absorption of the liquid by
the polymer is the likely reason behind the observed decrease in contact angle. In the case of
ethylene glycol and DMSO, the initial drop is followed by subsequent increase in contact angle

over time, and is attributed to reorientation of functionalities occurring at the solid-liquid
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interface. Wettability is known to be strongly influenced by the morphological architecture and
chemical composition of the surface [397-400]. The difference in the morphology of the sample
under investigation was insignificant and thus, the decrease in oxygen containing functional

groups was the likely driver of the increase in the hydrophobicity of the polymer surface [343].

V.2.3.3 Surface tension parameters

Surface tension parameters for polyterpenol thin films deposited at different power levels were

derived using the OWRK, VCG and Neumann’'s approaches and the results are presented in
Table V.2.3, V.2.4, and V.2.5, respectively. Total surface tension parameters determined via the
three methods were comparable. The OWRK method was expected to be more accurate
compared to VCG or Neumann’s approaches as multiple contact angle measurements for a
range of solvents are employed to determine the solid surface tension value. As a single liquid
method, Neumann’s approach is profoundly affected by the choice of the test liquid and neither

the dispersion nor the polar component can be evaluated. VCG is also greatly affected by the

choice of three solvents.

Table V.2.3. Surface tension parameters of polyterpenol films deposited at different RF powers
(calculated using OWRK approach).

MV
mow 28.5 9.4 37.9
25W 30.0 7.1 37.0
50w 31.9 5.9 37.7
100W  32.2 4.5 36.7

Table V.2.4. Surface tension parameters of polyterpenol thin films deposited at various power

levels (determined using Neumann'’s approach).

10 W 25W 50 W 100 W

Water 46.23 42.54 40.64 37.79
Ethylene glycol 29.38 29.99 30.07 29.88
Glycerol 33.65 33.56 35.62 35.48
DIM 41.41 41.44 41.57 41.53
Formamide 39.73 38.27 36.77 35.27
DMSO 35.43 36.21 38.37 35.43

In OWRK method, dispersg"’ and polary® fractions of the surface tension of polyterpenol

samples were determined by plotting the measured contact angles for all liquids and fitting a

122



straight line to the plotted values. The linear fit improved for samples deposited at higher RF
powers, indicating a higher degree of accuracy between contact angle measurements for
different liquids and improved stability of the films fabricated under increased RF power
conditions. The results summarized in Table V.2.3 show the increase in RF deposition power
did not affect the total surface energy of the polyterpenol film. However, a clear trend was
present for the dispersive fractigh” and acid-base fractioff*® as a function of fabrication
power. Lower power samples were characterized by lgWeand highen/® values compared

to films fabricated at higher RF power levels, as surfaces of the latter contained less of polar
moieties (such as —OH). Neumann’s approach for calculation of surface tension produced a
unique valueys per solvent-sample combination; the results are summarized in Table V.2.4. The
surface tension parameters calculated from water, formamide, and DMSO contact angles
decrease for increasing RF fabrication power, while the surface tension parameters calculated
from respective contact angles for glycerol show the reverse trend. Surface tension values
obtained from ethylene glycol and DIM contact angle data remain approximately the same for

all samples irrespective of RF power.

Table V.2.5. Surface tension parameters of polyterpenol films deposited at different RF powers

(calculated using VCG method).

Liquid
Sample combination vV i Y Ve
10w DIM:W:EG 40.50 0.75 30.24 31.00
DIM:W:G 40.50 0.77 30.39 30.83
DIM:W:F 40.50 0.01 22.53 39.45
DIM:W:DMSO 40.50 0.03 23.03 38.93
25W DIM:W:EG 40.55 0.37 20.68 35.05
DIM:W:G 40.55 0.42 21.10 34.57
DIM:W:F 40.55 0.02 16.67 39.41
DIM:W:DMSO 40.55 0.07 17.71 38.32
50 W DIM:W:EG 40.70 0.26 16.65 36.53
DIM:W:G 40.70 0.04 14.16 39.24
DIM:W:F 40.70 0.08 14.89 38.46
DIM:W:DMSO 40.70 0.00 12.48 40.96
100w DIM:W:EG 40.65 0.16 11.66 37.95
DIM:W:G 40.65 0.01 9.23 40.54
DIM:W:F 40.65 0.12 11.38 38.27

DIM:W:DMSO 40.65 0.06 10.64 39.07
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For surface tension calculations using the VCG approach, 10 solvent combinations (apolar
liquid, DIM, and two polar liquids) were used for each type of sample and the results are
presented in Table V.2.5. As mentioned earlier, the VCG method is highly affected by the
choice of test solvents, the observation which was confirmed by our results. Certain solvent
combinations produced large negative surface tension results, e.g.
diiodomethane—glycerol-formamide in the case of all sample types (Table V.2.6). Electron-
donory and electron-acceptof parameters calculated using liquid combinations containing

water as one of the solvents showed highest consistency.

Table V.2.6.Surface tension parameters of polyterpenol films deposited at different RF powers

for other solvent combinations (calculated using VCG method).

Sample Liquid combination  y*" v y Ve
n0ow DIM:EG:.G 40.50 0.69 28.36 31.68
DIM:EG:F 40.50 15.36 425.00 -121.08
DIM:EG:DMSO 40.50 0.55 5.96 36.88
DIM:G:F 40.50 38.96 472.28 -230.81
DIM:G:DMSO 40.50 0.10 0.87 41.10
DIM:F:DMSO 40.50 0.04 26.49 38.37
25W DIM:EG:G 40.55 0.24 15.76 36.67
DIM:EG:F 40.55 6.22 192.90 -28.70
DIM:EG:DMSO 40.55 0.03 0.48 40.79
DIM:G:F 40.55 16.80 184.49 -70.79
DIM:G:DMSO 40.55 0.00 4.49 40.53
DIM:F:.DMSO 40.55 0.14 25.38 36.83
50 W DIM:EG:G 40.70 1.72 64.71 19.58
DIM:EG:F 40.70 1.99 72.83 16.61
DIM:EG:DMSO 40.70 0.55 4.55 37.52
DIM:G:F 40.70 1.18 51.53 25.10
DIM:G:DMSO 40.70 0.04 5.23 41.58
DIM:F:.DMSO 40.70 0.09 1.90 41.54
100 W DIMEG:G 40.65 1.81 66.01 18.77
DIM:EG:F 40.65 0.32 18.06 35.86
DIM:EG:DMSO 40.65 0.00 2.81 40.50
DIM:G:F 40.65 9.85 22445 -53.39
DIM:G:DMSO 40.65 0.15 20.04 37.13
DIM:F:DMSO 40.65 0.02 6.37 39.90
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V.2.3.4 Monopolar nature and solubility

For all polymer samples, the electron-donor fractioof the surface tension was significantly
lower than the electron-acceptqf component, indicating the monopolar nature of the
polyterpenol material. Similar to poly(methyl methacrylate) and poly(vinyl alcohol) [392],
polyterpenol films manifested mostly electron donor properties with hardly any electron
acceptor properties. Molecules of strongly monopolar material tend to repel each other when
immersed in polar liquids, such as water, which allows the liquid to penetrate into the
monopolar substance resulting in pronounced solubility or dispersibility. The interfacial tension
between strongly monopolar surfaces and water has a negative value. As previously shown by
van Oss et al [392], for a given solute 1 (monopolar) — solvent 2 (bipolar) combination, it is
possible to determine the minimum value jf@parameter for which the solubility of the solute

1 in solvent 2 will occur:

Vs = " = (" + 20vvs — i) 4)
Assumingy+¥'~ 40.6 mJ/rf for polyterpenol material angt",y5,y; literature values for

water (Table V.2.2), the polymer will become water-solubhgat 28.48 mJ/rh For samples
deposited at 10 W, calculations using VCG method for two out of four solvent combinations
producedy; > 28.48 mJ/mindicating the sample might be soluble in water. In the case of
samples fabricated at 10 W, there was a significant degree of variance between electron-donor
parameters calculated using different solvent combinations (Table V.2.5). Examination of raw
water contact angle and drop volume dynamics (data not shown here) for the 10 W sample
indicated the films were stable when in contact with this solventyThaecreased significantly

for polymers deposited at higher RF power, with all polymers deposited at 25 W or above
having 1 < 28.48 mJ/m and as such the materials were determined to be not water soluble.
Extensive intermolecular and intramolecular hydrogen bonds and dominating presence of
hydrophobic moieties on the surface of the films could be responsible for the insolubility of

polyterpenol in water.

Surface tension parameters obtained using the three methods were then used to calculate the
solubility AG,,,of polyterpenol films in the test liquids, as well as common processing solvents
such as hexane, chloroform, acetone, and ethanol. Respective surface tensions of the latter four
solvent are significantly lower than"’ of 40.6mJ/rfor the polymer, making it impossible to

obtain meaningful contact angle data for these liquids; hence, the contact angle of 0° was used.

Solubility AG;,; of polyterpenol films in various solvents is presented in Table V.2.7. The
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polymer material was found to be solvophobic for all solven@, ;> 0) except for DIM for

which the calculations produced a mixed result. The solvophobicity of polyterpenol material
increased with applied RF fabrication power for all solvents. Acetone is frequently used to
remove photoresist, and since polyterpenol films are not soluble in acetone, they are suitable for
use as thermally degradable sacrificial materials in IC fabrication where wet etching procedure
is employed. In biomedical applications, sterilization with ethanol prior to an experiment or
implantation is routineAG,;> 0 confirms that ethanol could be used as sterilization agent for

polyterpenol thin films.

Table V.2.7. SolubilityAG,»; of polyterpenol films in various solvents based on surface tension

components from VCG; OWRK; and Neumann approaches.

ys method of 10 W 25W 50 W 100 W
Solvent
acquisiton A  B? A B A B A B
Water DIMM\W:EG 49 49 -171 -17.1 -274 -274 -41.4 -414
DIM:W:G 52 52 -16.2 -16.2 -329 -329 -46.6 -46.6
DIM:W:F -12.0 -12.0 -259 -259 -31.3 -31.3 -421 -421
DIM:W:DMS -11.0 -11.0 -23.8 -23.7 -36.3 -36.3 -43.7 -43.7
Owens -8.9 -21.1 -29.8 -39.0
Neumann -25.6 -32.1 -35.7 -41.1
Ethylene  DIM:W:EG  -14.2 -14.1 -204 -20.3 -23.1 -23.0 -26.5 -26.5
glycol DIM:W:G -13.8 -14.1 -194 -204 -285 -215 -31.7 -234
DIM:W:F -31.1 -146 -29.1 -189 -26.9 -22.1 -271 -26.2
DIM:W:DMS -30.0 -14.7 -26.9 -19.4 -31.9 -199 -28.7 -254
Owens -28.0 -24.3 -25.5 -24.1
Neumann -44.6 -35.4 -31.3 -26.2
Glycerol DIM\W:EG  -246 -242 -32.9 -31.9 -28.2 -354 -31.7 -40.1
DIM:W:G 242 -242 -319 -320 -33.7 -33.8 -36.9 -36.9
DIM:W:F -415 -242 -416 -30.2 -32.1 -344 -32.3 -39.8
DIM:W:DMS -40.4 -244 -394 -30.8 -37.1 -32.0 -34.0 -38.9
Owens -38.4 -36.8 -30.6 -29.3
Neumann -55.0 -47.9 -36.6 -31.4
Solvent ys method of 10 W 25W 50 W 100 W
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acquisition

Formamide DIM:W:EG 69 -76 -6.0 -148 -13.7 -18.0 -21.2 -22.0
DIM:W:G 72 715 -5.0 -14.7 -19.1 -17.3 -26.4 -20.0
DIM:W:F -10.0 -10.1 -147 -146 -175 -176 -21.9 -21.8
DIM:W:DMS -9.0 -10.1 -125 -149 -225 -16.3 -235 -21.3
Owens -6.9 -9.9 -16.1 -18.8
Neumann -23.6 -21.0 -21.9 -20.9

DMSO DIM\W:EG 126 -1.3 0.6 -6.2 2.8 -80 -7.2 -10.2
DIM:W:G 129 -12 16 -6.1 -2.6 7.2 -124 7.9
DIM:W:F 43 -33 81 5.7 -11 7.5 -7.9 -10.0
DIM:W:DMS -3.3 -3.3 -6.0 -6.0 -6.1 -6.0 -95 -9.4
Owens -1.3 -3.4 0.4 -4.8
Neumann -17.9 -14.4 -5.4 -6.9

DIM DIM\W:EG 17.8 17.8 9.9 99 7.2 72 43 4.3
DIM:W:G 18.2 182 10.8 108 1.8 1.8 -09 -0.9
DIM:W:F 1.0 10 11 11 34 34 36 3.6
DIM:W:DMS 20 20 33 33 -16 -1.6 20 2.0
Owens 4.0 5.9 4.8 6.7
Neumann -12.6 5.1 -1.0 4.6

Hexane DIM:W:EG -25.2 -33.3 -36.3 -39.1
DIM:W:G -24.9 -32.3 -41.7 -44.3
DIM:W:F -42.1 -42.0 -40.1 -39.7
DIM:W:DMS -41.1 -39.8 -45.1 -41.4
Owens -39.0 -37.3 -38.7 -36.7
Neumann -55.7 -48.3 -44.5 -38.8

Chloroform DIM:W:EG  -7.4 -15.5 -18.4 -21.2
DIM:W:G -7.0 -14.5 -23.8 -26.5
DIM:W:F -24.3 -24.2 -22.3 -21.9
DIM:W:DMS -23.2 -22.0 -27.3 -23.5
Owens -21.2 -19.4 -20.8 -18.9
Neumann -37.8 -30.4 -26.6 -20.9

Solvent mét_h_Od o low 25 W 50 W 100 W
acquisition

Ethanol DIM\W:EG  -17.2 -25.3 -28.3 -31.1
DIM:W:G -16.9 -24.4 -33.7 -36.3
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DIM:W:F -34.1 -34.0 -32.2 -31.8

DIM:W:DMS -33.1 -31.9 -37.1 -33.4
Owens -31.0 -29.3 -30.7 -28.7
Neumann -47.7 -40.3 -36.5 -30.8
Acetone DIM\W:EG  -14.0 -22.1 -25.0 -27.9
DIM:W:G -13.6 -21.1 -30.4 -33.1
DIM:W:F -30.9 -30.8 -28.9 -28.5
DIM:W:DMS -29.8 -28.6 -33.9 -30.1
Owens -27.8 -26.0 -27.4 -25.5
Neumann -44.4 -37.0 -33.2 -27.5

1 2Derived using interfacial tension values for a completely immiscible system (A) and a completely miscible system (B).
V.2.4 Conclusion

Surface tension and solubility parameters of polyterpenol thin films as a function of the
deposition RF power were examined. Contact angle values obtained for six different solvents
were employed in the calculations. For solvents such as water, glycerol, DIM and formamide,
reactions between the solid-liquid interface and evaporation were taking place; in the case of
ethylene glycol and DMSO, the reorientation of functionalities at the solid-liquid interface
occurred. Improved stability was observed for films fabricated at higher RF powers due to the
increased degree of cross linking and the decrease in the oxygen content associated with the
higher deposition power; the decrease in oxygen containing functional groups was responsible
for the increased hydrophobicity of the polymer surface, from 62.7° for the 10 W samples to
76.3° for the films deposited at 100 W. Polyterpenol films manifested mostly electron donor
properties with hardly any electron acceptor properties. In the case of 10 W samples, it was not
clear from the calculations whether such polymers are water soluble or not as there was a
significant degree of variance between electron-donor parameters calculated using different
solvent combinations. Polymers deposited at higher RF power were determined to be not water
soluble due to the extensive intermolecular and intramolecular hydrogen bonds present.
Polyterpenol films fabricated at higher RF powers were less soluble for all test liquids as well as
other solvents commonly used in electronics and biomedical processing, namely hexane,
chloroform, acetone and ethanol, except for DIM. Solubility and wettability results obtained for
polyterpenol confirmed that thin films deposited from terpinen-4-ol using RF plasma deposition
can be used for applications where the polymer must resist solubilisation, i.e. if it is used as a
protective coating; a thermally degradable sacrificial material in IC fabrication where wet

etching procedure is used; or an antifouling coating for implantable medical devices.
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Furthermore, the solubility and wetting behaviour of polyterpenol can be influenced by

controlling such deposition condition as RF power.
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CHAPTER VI

ELECTRICAL AND DIELECTRIC PROPERTIES

This chapter presents an overview of the electromagnetic characterisation of the polyterpenol
based polymer films fabricated at different input power conditions. Comprehensive
characterisation of insulating property at different frequencies is paramount if this materials to

be used as an insulating gate modification in organic electronic devices.

In Section VI.1 the values of dielectric constant are attained at optical and microwave
frequencies using spectroscopic ellipsometry and split—post dielectric resonators, respectively.
The results are published Bazaka, K., Jacob, M. V., Complex permittivity measurements of
RF plasma polymerized polyterpenol organic thin films employing split post dielectric

resonator. Journal of Polymer Engineering 2011, 31, 73-75.

In Section VI.2 the insulating nature of polyterpenol thin films is confirmed at lower
frequencies, based on impedance data obtained using Al-polyterpenol-Al structures. DC
conduction mechanism in films fabricated under varied RF power is investigated using
current-voltage characteristics of the aforementioned metal-insulator-metal device. The
conductivity of polyterpenol thin films is also determined from current-voltage characteristics.
A manuscript outlining the finding of this study are communicatd8laaska, K., Jacob, M. V.,

Investigation of electrical conduction in plasma polymerised polyterpenol thin films

Section VI.3investigatesn situ iodine doping as a potential method to enhance conductivity
and lower the band gap of polyterpenol thin films. The effect of doping onto bulk and surface
properties of polyterpenol is also reviewed, as unfavourable changes in stability or surface
chemistry may negate the improvement in electrical conductivity. The results of this study are
published in part aBazaka, K., Jacob, M. V., Effect of iodine doping on surface and optical
properties of polyterpenol thin films. Material Science Forum 2010, 654-656, 1764-1767, with
an expanded work communicated Bazaka, K., Jacob, M. V., Effects of iodine doping on

optoelectronic and chemical properties of polyterpenol thin films
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VI.1 COMPLEX PERMITTIVITY OF POLYTERPENOL AT MICROWAVE
AND OPTICAL FREQUENCIES

Abstract

In the fields of organic electronics and biotechnology, applications for organic polymer thin
films fabricated using low-temperature non-equilibrium plasma techniques are gaining
significant attention because of the films’ physical and chemical stability, smooth, defect free
and uniform surfaces, high adhesion to the substrate and low cost of production. To determine
potential applications of such organic polymer thin films in devices, a complex permittivity
measurement of is necessary to ascertain their dielectric properties. Polymer thin films were
fabricated from non-synthetic terpinen-4-ol by means of radio frequency polymerisation (13.56
MHz) on low loss dielectric substrates. Real and imaginary parts of permittivity as a function of
frequency were measured using the variable angle spectroscopic ellipsometer. The real part of
permittivity (k) was found to be between 2.34 and 2.65 in the wavelength region 400 nm to
1100 nm indicating a potential lokw-material. These permittivity values were confirmed at
microwave frequencies. Dielectric properties of polyterpenol films were measured by means of
split post dielectric resonators (SPDR) operating at frequencies of 10 GHz and 20 GHz.
Employing full wave electromagnetic theory, permittivity and dielectric loss tangent can be
derived from the observed shift in measured resonant frequency and Q-factor of SPDR with
bare substrate and of SPDR with coated substrate. Permittivity increased for samples deposited
at higher RF energy — from 2.65 (25 W) to 2.83 (75 W) measured by 20 GHz SPDR and from
2.32 (25 W) to 2.53 (100 W) obtained using 10 GHz SPDR. The error in permittivity

measurement was predominantly attributed to the uncertainty in film thickness measurement.

As published in: Bazaka, K., Jacob, M. V., Complex permittivity measurements of RF plasma
polymerized polyterpenol organic thin films employing split post dielectric resordmiomal
of Polymer Engineering 2011, 31, 73-75.
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VI.1.1 Introduction

In the fields of organic electronics and biotechnology, applications for organic polymer thin
films fabricated using low-temperature non-equilibrium plasma techniques are gaining
significant attention because of the thin films’ physical and chemical stability, smooth, defect
free and uniform surfaces, high adhesion to the substrate and low cost of production [319].
Furthermore, from one precursor, polymers of significantly different chemical and physical
structures or films with property gradient can be obtained by controlling deposition conditions
of plasma polymerisation, such as the energy delivered into the reaction chamber, monomer
flow or position of the substrate within the reactor [89]. To determine potential applications of
such organic polymer thin films in devices, particularly high frequency and electrical devices, a

complex permittivity measurement is necessary to ascertain their dielectric properties.

Split post dielectric resonators (SPDR) are widely used for measurements of permittivity of
laminar dielectric materials and substrates [401]. However, accurate measurements on thin
dielectric films deposited on a dielectric substrate can be difficult due to a number of issues,
including the non-uniform thickness of the substrate, and relatively low film thickness and low
permittivity of the material [402]. In this paper we discuss applications of SPDRs for complex
permittivity measurements and estimate the permittivity of thin organic film, namely
polyterpenol, fabricated on low loss dielectric substrates using RF plasma polymerisation
technique. Polyterpenol films are optically transparent amorphous polymers with promising

optical and electrical properties [336].

VI.1.2 Exeprimental

Polymer thin films were fabricated from non-synthetic terpinen-4-ol by means of radio
frequency polymerisation (13.56 MHz) on low loss dielectric substrates. The substrates made
from the GE-type 124 quartz with a dielectric constant of 3.75 (at 20 °C, 1 MHz) were masked
so that only half of the substrate was deposited to allow for the reference to be measured after
the deposition is performed and hence reduce the possibility of deviation between the reference
and coated substrate. Deposition was performed at room temperature and pressure of 150 mTorr
under varied deposition power and time conditions. Thickness and real and imaginary parts of
permittivity as a function of frequency were determined from%hand4 ellipsometric data
collected for ¢g= 55°, 60°, and 65° angles of incidence over the 200 — 1000 nm wavelength range
using variable angle spectroscopic ellipsometer (model M-2000, J. A. Woollam Co., Inc.).
Uncertainties of thickness were taken as the ratio of the standard deviation of thickness divided

by the mean thickness value.
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Films’ permittivity values were estimated at microwave frequencies with SPDRs operating at
frequencies of 10 GHz and 20 GHz. The resonant frequencies and unloaded Q-factors of SPDRs
containing the samples were measured by 8364B network analyser at the room temperature (23
°C). To mitigate the experimental error associated with changes in humidity and account for
possible resonant frequency drift with temperature or time, the resonant frequency and Q-factor
of the empty resonator is taken at the beginning and end of a set of measurements whilst
reference and coated substrate measurements are taken consecutively. Employing full wave
electromagnetic theory, permittivity and dielectric loss tangent can be derived from the
observed shift in measured resonant frequency and Q-factor of SPDR with bare substrate and of
SPDR with coated substrate.

VI.1.3 Results and discussion

From ellipsometric studies, the real part of permittivky Was found to be between 2.34 and
2.65 in the wavelength region 200 nm to 1000 nm, indicating potential of polyterpenol as a low-
k material, with lower permittivity values corresponding to films deposited at lower RF power
(Figure VI1.1.1).

0.1
1008 5
2 &
= =}
E Q
£ 1006 3
& 2
S S
5 -4 0.04 E
@ 3,
()
2 g
4002 Z
0

Frequency, PHz

Figure VI.1.1. Real and imaginary part of permittivity as a function of frequency measured
using the ellipsometric technique for polyterpenol films fabricated at different RF deposition

powers.

In microwave studies, the real part of the complex permittivity is derived from measured

resonant frequencies of the resonator using the equation (1) yiesample thicknesf and
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f resonant frequencies of the SPDR with bare and coated substrates respdGtiielg,
parameter evaluated for a number;aind husing the Rayleigh—Ritz technique.

=1+ m 1)

Results of measurements of the resonant frequencies, Q-factors and thicknesses of films and
substrates are demonstrated in Table VI.1.1. Irrespective of deposition power, all measured
samples possessed relatively large dielectric losses. However, as for most known dielectrics loss
tangent increases almost linearly with frequency, at frequency of 2 GHz losses can be one order
of magnitude smaller. Permittivity increased for samples deposited at higher RF energy - from
2.65 (25 W) to 2.83 (75 W) measured by 20 GHz SPDR and from 2.32 (25 W) to 2.53 (100 W)
obtained using 10 GHz SPDR. Compared to 10 GHz SPDR, greater accuracy is expected from
the measurement using the 20 GHz resonator; however, the influence of such external factors as
humidity and thermal drift of the network analyzer is also greater and so a larger frequency shift

(and hence film thickness) is needed.

Table V.1.1. Split-post dielectric resonator 10 GHz and 20 GHz measurements at 23 °C for

Polyterpenol samples deposited on quartz.

_ Frequency 10 GHz Frequency 20 GHz
_ Thickness
Material Permittivity Loss tangent Permittivity Loss tangent
(um)
() (tan &) (1) (tan &)

Quartz 190 3.69 8.28 x 10-5 3.82 2.10 x 10-4
Polymer on quartz
25W 491 2.32 2.48 x10-2 2.65 2.54 x 10-2
75W 5.02 2.83 9.19 x 10-3
100 W 4.78 2.53 5.02 x 10-3

The numerical electromagnetic analysis of a SPDR structure for thin films deposited on such

low permittivity substrates as quartz indicates that variation of coeffidieistsmaller than 1%

and relative uncertainties of resonant frequency measurements are smaller than 0.001%. With
thickness measurements, results from ellipsometric studies were compared to those from other
spectroscopic techniques with the uncertainty found to be in the region of 10%. Detailed study

(reported elsewhere [402]) was conducted to ascertain the most significant source of error in

permittivity measurements on organic thin films, which was found to be predominantly

attributed to the uncertainty in film thickness measurement (Figure VI.1.2). Therefore, higher
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accuracy can be attained by precisely measuring the thickness and measuring the permittivity at
higher frequencies.
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Figure VI.1.2. Estimated error in permittivity due to the uncertainty in thickness and resonant

frequency measurement (one layer is approximateiy inithickness) [402].

VI.1.4 Conclusions

It has been show that SPDRs operating at 10 and 20 GHz are appropriate and precise tools for
measurement of permittivity and dielectric loss tangent of thin organic films deposited on low
loss dielectric substrates. The technique was used to evaluate the permittivity of polyterpenol
thin films. The estimated permittivity values (~2.6) and relatively lower transmission losses
substantiated that polyterpenol is a potential low-k material.
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VI.2 INSULATING PROPERTIES AND ELECTRICAL CONDUCTION
MECHANISM OF POLYTERPENOL

Abstract

Polyterpenol thin films were fabricated using RF plasma polymerisation and their electrical
properties studied using Al-polyterpenol—Al structures. At a frequency of 1 kHz, the dielectric
constant varied with input RF power, from 3.86 (10 W) to 4.42 (100 W) at 1 kHz. The current
density—voltage characteristics of polyterpenol films of different thickness were investigated at
room temperature. At higher applied voltage region, DC conduction was dominated by Schottky
conduction mechanism. The resistivity of the polyterpenol were found to decrease for films
deposited at higher RF power, attributed to the change in the chemical composition and

structure of the polymer.

As submitted to: Bazaka, K., Jacob, M. V., Investigation of electrical conduction in plasma

polymerised polyterpenol thin films.
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VI.2.1 Introduction

Organic gate insulating materials are attracting increasing attention , with significant efforts
devoted to not only finding a suitable substitute to the Bi€ulating layer but also to designing
materials capable of supporting the development of flexible, large scale electronics. For years,
advancements in the performance of ultra large scale integrated circuits have been hindered by
propagation delay, cross-talk noise, and power dissipation due to resistance—capacitance
coupling associated with the increased wiring capacitance, particularly interline capacitance
between the metal lines on the same level [403]. Whereas the resistance is affected by the nature
of the conducting material, capacitance is chiefly controlled by the choice of the dielectric
material [324]. Hence, thin film insulating materials with a relatively low dielectric condtant (

< 3) are under concentrated investigation for their potential as interlayer dielectrics. Organic
gate insulators with high dielectric constant have also made significant progress for their role in
the advancement of high-performance organic thin film transistors, where introduction of
high—k gate dielectric greatly reduces device operational voltage [404]. Plasma-assisted
fabrication is one of the deposition techniques suitable for fabrication of both low— an#ét high-
dielectric polymer thin films through an appropriate choice of monomer and fabrication process
conditions. Being a low—-temperature process, non—equilibrium plasma polymerisation is
particularly suited for fabrication of thin film structures and use of temperature—sensitive
substrates. Plasma polymerised films are smooth and pin—hole free, and their chemical, physical
and optoelectronic properties can be tailored to suit a desired application by controlling the

retention of original monomer functionality, degree of cross-linking , and branching [405].

This low—cost ‘green’ process has been used to fabricate environmentally friendly insulating
thin films from a number of naturally occurring non—-synthetic monomers, such as terpinen-4-ol
and linalyl acetate [337,406]. The former, polyterpenol, has been demonstrated to enhance the
performance of pentacene-based organic field effect transistor when incorporated as a gate
insulating layer [337]. Using electric field induced second harmonic generation, the
carrier—blocking property of polyterpenol was demonstrated [353]. Since the performance of
an organic device relies on the charge carrier injection and transport in the active material,
adequate understanding of the nature of the carrier transport within the polymer thin films is
significant for microelectronic and optoelectronic applications alike. As such, this paper
investigates the charge carrier transport properties of polyterpenol thin films in order to

determine the dominant charge transport mechanism of these plasma polymers.
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VI.2.2 Experimental

For J-V measurements, structures consisted of a single polyterpenol thin layer sandwiched
between two metal electrodes. Metal-insulator-metal (MIM) structures were deposited onto
glass substrates, previously ultrasonically cleaned in Extran solution, rinsed in distilled water,
acetone, and isopropanol, and blown dry. Devices were prepared by first depositing aluminium
electrodes (99.99% pure) via thermal evaporation at a pressuré®ofdr® using a custom

made shadow mask. Then, polyterpenol thin films were fabricated using RF plasma
polymerisation set up, where an ENI RF generator delivers 13.56 MHz RF energy into the
chamber via capacitively coupled copper electrodes. Terpinen-4-ol (Australian Botanical
Products Pty. Ltd., Australia, used without further purification) vapours were introduced into
the chamber via monomer inlet and deposition took place at 10, 15, 25, 50, and 100 W RF
power. Time of deposition was varied to obtain films of desired thickness. Top electrodes were
then evaporated using the aforementioned thermal evaporation technique. Once fabricated,

samples were kept under controlled conditions.

Variable Angle Spectroscopic Ellipsometry (VASE) was used to determine polyterpenol film
thickness. Hioki 3522-50 LCR HITESTER meter (Hioki) was used to measure device
capacitance at frequencies between 1 Hz to 100 kHz. The measured values, together with the
geometry of the device, were then used to estimate the dielectric constrthe polyterpenol

thin films. DCI-V measurements were performed on the MIM structures with an effective area
of 2.5 x 10° n’ using a Keithley 2636A source meter (Keithley Instruments, Inc., Cleveland,
Ohio). Measurements were taken 0-6 V, 0-30V, and 0-150 V, collecting 1000 data points

within each range.

VI.2.3 Results and discussion

Representative capacitance curves of polyterpenol fabricated at different RF input power are
depicted in Figure VI.2.1, with corresponding average relative permittivity values summarized
in Table VI.2.1. These permittivity values are similar to those reported for plasma polymerised
multistacked bipolar allylamine and vinyl acetic thin films [404]. Relative permittivity increased
slightly for polymers fabricated at higher input power, in agreement with previously reported
findings [350]. However, the difference was not statistically significant. Independent of the
power of deposition, the dielectric constant decreased with increasing frequency, a behaviour
characteristic of polymer insulating materials. Previous studies determined the dielectric
constant values of polyterpenol to be around 2.6 at microwave and optical frequencies. Jacob et

al [337] reported relative dielectric constants of 3.4 and 5.2 for polyterpenol thin films deposited
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at 25 W, as determined from DC |-V and impedance spectroscopy measurements, respectively.
The discrepancy in dielectric constants is attributed to the frequency dependence of the material

parameter, including parasitic capacitance.
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Figure VI.2.1. a. Frequency dependence of capacitance of the polyterpenol containing MIM
device at room temperature (polyterpenol film thickness ~ 350 nm, area 30 ImmRelative

permittivity as a function of frequency.

Table VI.2.1. Relative permittivity of polyterpenol fabricated at varied input power conditions.

Relative permittivity ¢

Sample

1 Hz 10Hz 100Hz 1kHz 10kHz 100 kHz
10W 1523 4.21 3.90 3.86 3.83 3.75
15W 1521 4.34 4.01 3.95 3.88 3.76
25W 17.31 4.69 4.32 4.27 4.23 4.15
50w 18.39 4.98 4.42 4.36 4.26 4.15
100W 17.33 4.76 4.47 4.42 4.37 4.30

Conduction mechanisms were investigated for polyterpenol thin films of different thickness
(100 — 500 nm) by measuring stand&rl¥ characteristics of these films in the voltage range
0.1-6V. No breakdown in the device occurred up to 50V, with some samples withstanding
higher applied electric fields (up to 4.2%1@/m). For all tested devices, the measured
dependence of polyterpenol demonstrated low current over a wide range of applied voltage. The
observed]-V characteristics of the polyterpenol devices at room temperature are depicted in

Figure VI.2.2. Independent of polyterpenol deposition conditions)thecurves approximate
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the same shape. Each curve implies two different conduction processes, according to the power
law J Z7V", n being the power law index, with different slopesvident in the lower and higher
voltage regions [407]. In the low voltage region, the current defisikpibits an approximately
ohmic dependence with the applied voltagewith slopes of 0.808<0.94. As the applied

potential exceeds 2.5 V, the slope of the gnaj found to lie in 2.27-2.38, indicating a non-
ohmic conducting mechanism.
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Figure VI1.2.2. Current density Jj —Voltage ) relationship for polyterpenol films with
approximate thickness of 120 nm (a). Power law fit in the lower (b) and higher (c) applied

voltage regions.

While discussing the transport phenomena in plasma polymer thin films in the high (non-ohmic)

field region, space charge limited conduction, Schottky conduction, and Poole—Frenkel
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conduction have been reported as most likely for polymerized thin films [408,409]. The space
charge limited conduction illustrates a process where the current conducted through the material
is limited by a distribution of trapping sites within the bulk of the polymer. Schottky
conduction, on the other hand, is a barrier limited conduction mechanism, where the potential
barrier is lowered as a result of interaction of an electric field at a metal-insulator interface and
the image force. A bulk limited conduction process, the Poole—Frenkel mechanism accounts for
the case where the application of a sufficiently high electric field induces a lowering of the trap

barrier of the polymer material.

In order to determine which of the aforementioned mechanisms most adequately accounts for
the charge transport of polyterpenol, two distinct plotsJof\Y) in the forward direction are
analysed. For space charge limited conduction, double log plot of the faininiry should

provide a linear characteristic, whereas Schottky and Poole—Frenkel mechanisms will be
indicated by a linear dependence with a positive slope df-nv ®°plot. Furthermore, the
dependence of current densityn film thicknesdd for the samples of different thickness at a
constant voltage can aid in differentiation between the types of the electronic conduction. The
dependence afond is described by the relatidn7d ", with | being a parameter dependent on

the trap distribution within the material. A slope 3 is indicative of Schottky or Poole—Frenkel

conduction, whereas 3 signifies the possibility of space charge limited conduction.
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Figure VI.2.3. Variation of InJ with square root of applied voltageé (a) and InV (b) for
polyterpenol thin films (thicknessl = 350 nm). In (a), linear fitting produces slope of
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In the present case, thedrn- V*°plot graph is evidently more linear compared td+in V, as
presented in Figure VI.2.3, suggesting the possibility that Schottky or Poole—Frenkel conduction
may dominate in this region. Furthermore, no clear dependence of the current dlensihe

film thickness was found, further ruling out the possibility of the space charge limited
conduction being the dominant charge transport process. Therefore, the type of conduction

mechanism in polyterpenol most probably is Schottky or Poole—Frenkel conduction.

The general expression for both Schottky and Poole—Frenkel type conductions can be expressed
as [410]:

] = Joexp (2-2) (1)

where Jis the low field current density, F the applied electric fiklthe Boltzmann constari,

the absolute temperaturethe coefficient of the static electric field, appdhe ionization energy

of localized centres and Coulomb barrier height of the electrode polymer interface in the case of
Poole—Frenkel and Schottky mechanisms, respectively. The field lowering coefficagt

known asfs andfer in the case of Schottky and Poole—Frenkel conductions, respectively, and
can be defined as [411]:

1/2

Bor = 285 = 2 () (2)

ATTEYEy

wheree is the electronic chargeythe permittivity of free space;the dielectric constant of the
bulk polymer material at high frequencies. Calculated theoretiggilgnd ppr can facilitate
differentiation between the Schottky and Poole—Frenkel mechanisms by comparing these values

to experimentally determinedgbefficient. The following relation was used to determigg S
Bexp = skTd/? 3

where s is the slope of the linear section of In #haracteristic:

AlnjJ
$= Alnv1/2 (4)
The experimental values fgt and the theoretical values of the coefficients calculated from
Equation 2 using average dielectric constant calculated from capacitance measurement, and are
presented in Table VI.2.2. For different RF power levels, the valyg.pfloes not change
significantly, thus confirming previous findings of small variabilitysjmwith deposition power.

It is also evident that the experimental values closely match the theoretically calculated
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Schottky coefficientfs. Hence, in the higher field region Schottky mechanism is likely to
dominate charge transport. This finding agrees well to that reported by Jacob [337], where
Schottky conduction was also identified as the prevailing conduction mechanism. Similar
conduction behaviour has been reported for plasma polymerised vinylene carbonate and
2,6,termdiethylaniline thin films [410,412].

Table VI.2.2. Comparison between the theoretical and experimghtebefficients (film
thickness d- 120 nm)

SIopes  Pexp Ps: Ber
10W 2.02 1.72 x 10 2.25 x 10° 451 x 10°
15 W 2.08 1.75 x 18 2.27 x 10° 454 x 10°
25 W 2.12 1.75 x 18 2.27 x 10° 454 x 10°
50 W 2.02 1.82 x 18 2.27 x 10° 453 x 10°
100 W 2.03 1.76 x 18 2.26 x 10° 453 x 10°

The resistivity of the samples was also determined using the expression:

p == %)

wherep is the resistivity of the materiah the device surface ared the thin film thicknessy
measured voltage, andmeasured current. The resistivity for all samples are in the order of
10°-10° Qm (calculated at 6 V), confirming the insulating nature of polyterpenol material. The
resistivity of the sample decreases slightly with RF power, associated with changes in chemical
structure, such as loss of polar functional groups, and the degree of cross—linking [350]. The
conductivitys values for each sample type calculated at 6 V are presented in Table VI.2.3, and
are comparable to those of other plasma polymers. The conductivity can be potentially

increased by introducing doping agents, such as iodine [413].

Table VI.2.3. Summary of electrical properties of polyterpenol.

& Pexp o, S/lcm
10 W 3.84 1.716 x 10 8.21 x 10™
15 W 3.90 1.746 x 18 10.0 x 10
25 W 4.24 1.750 x 18 1.12 x 10°
50 W 4.20 1.819 x 18 1.47 x 10°
100 W 4.39 1.760 x 1B 1.52 x 10°
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VI.2.4 Conclusion

The electrical properties of polyterpenol thin films were investigated using AC and DC
current-voltage characterization. The dielectric constanias found to vary slightly with RF
power, increasing from 3.75 (10 W) to 4.30 (100 W) at 100 kHz. The conduction mechanism
was identified as ohmic in the lower applied voltage region, whereas Schottky conduction
mechanism dominated at the higher voltage region. Variations in RF deposition power did not
influence the conduction process, while the conductivity of the material increased slightly for
polyterpenol thin films deposited at higher input power. Low permittivity combined with high
resistivity of polyterpenol substantiates the material’s potential as an insulating and blocking

layer for fabrication of organic electronic devices.
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VI.3 ENHANCEMENT OF CONDUCTIVITY VIA DOPING: EFFECT ON
ELECTRICAL, PHYSICOCHEMICAL AND SURFACE PROPERTIES AND
STABILITY

Abstract

Polyterpenol thin films were manufactures using RF plasma polymerisation. lodine doping was
carried outin situ, which led to significant change in the chemical structure of the film. lodine
was being incorporated into the backbone of the polymer, with associated notable reduction in
the methyl and methylene functional groups and appearance of C=C bond. Higher levels of
doping notably increased the refractive index of the thin films, from 1.54 to 1.70 at 500 nm
wavelength, and significantly reduced the transparency of films. The band gap of polyterpenol
was also reduced by doping, by extending the density of states more into the visible region.
Conductivity also increased from 5.05 x 8/cm to 7.74 x 108 S/cm and 1.20 x I0S/cm (at

20 V) for increasing doping levels. Doping was found not to affect surface morphology but

increased hydrophilicity of surfaces.

Keywords: doping ; iodine; plasma polymer; semiconducting thin films;

Published in part as: Bazaka, K., Jacob, M. V., Effect of iodine doping on surface and optical
properties of polyterpenol thin films. Material Science Fo2040, 654-656, 1764-1767.
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VI.3.1lIntroduction

The employment of plasma polymerization techniques for synthesis of high performance
organic thin film materials has been investigated by many authors because these techniques
allow the polymerisation of a range of organic compounds that may not necessarily polymerise
through conventional thermo chemical pathways [85,86,88,89]. Polymers, fabricated using RF
plasma polymerisation, are smooth, pinhole free and uniform, with chemical and physical
properties that can be tailored by controlling such deposition parameters as pressure, RF power,
monomer flow rate and time of fabrication [322,339,382]. Owing to their high-resistivity and
high dielectric breakdown strength, organic polymer materials have found numerous
applications, such as thin film insulators and capacitors for integrated microelectronics,
passivation layers in IC, and protective coatings [414]. Polymer materials manufactured from
renewable natural sources, such as essential oils, offer an additional advantage of being
environmentally sustainable compared to polymer materials derived from fossil fuels
[325,415,416]. Much research has been devoted to enhance the electrical conductivity of
organic polymers, primarily through doping them with appropriate electron donors (such as
alkali metals) or acceptors (such as iodine or arsenic pentafluoride) [417]. lodine doping has
been studied principally because of the significant effect an introduction of this doping agent
has on the electrical and dielectric properties of polymer thin films, including an increase in
electrical conductivity due to oxidation of the polymer and a change in polymer charge storing
capacity [418].

In this paper we report on the effect in situ iodine doping has on optoelectronic and chemical
properties of the plasma polymerized terpinen-4-ol thin films, herein called polyterpenol.
Polyterpenol is fabricated from non-synthetic mono terpene alcohol, a major constituent of
Melaleuca alternifolia oil, by way of radio frequency polymerisation [336]. With refractive
index slightly above that of glass, transparency to the visible region, very smooth surface and
high chemical inertness and thermal stability, polyterpenol films have prospective applications
in organic optoelectronics as encapsulating layers for the organic circuitry [347,350,419,420].
Polyterpenol has also been demonstrated as an appropriate insulating material to improve the
OFET output characteristics and is a prospective candidate for full flexible organic electronic
circuits [337,353,421].

VI.3.2 Experimental

Pristine and iodine doped polyterpenol thin films were fabricated from non-synthetic terpinen-4-

ol monomer (distilled by Australian Botanical Products) using the experimental setup depicted
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in Figure VI1.31. RF energy (13.56 MHz) \s delivered into the deposition chamber by me
of capacitively coupled copper electrodes. Substrates (superwhite glass slides and KB
were cleaned according to the procedure detailed else[336]. The cleaned glass substra
were then placed into the deposition chamber and flushed with argon for 1 minute to prc
oxygenfree surface. 1 ml of Terpin-4-ol monomer was useaf every deposition. The filrr
were fabricated at room temperature, pressure of 100 mTorr and RF power ofln situ
doping was performed by releasing the iodine vapours into the deposition chamber u
dopant inlet along with the monomThicknes, roughness and optical properties of the di
and pristine samples deposited on glass substrates were examined through varial
spectroscopic ellipsometry (model-2000D, J.A. Woollam Co. Inc.) and \-Vis spectroscopy
(Avantes Avaspe048 spectrmeter, AvalightbHc light source). FTIR spectra of samg
deposited onto KBr pallets were recorded at room temperature using a single bea
spectrometer (Nicolet Maxim). -ray photoelectron spectroscopy (XPS) survey spectra
collected using an Asi Ultra spectrometer (Kratos Analytical Ltd., UK), equipped wi
monochromatic Xay source (Al ta, hv = 1486.6 eV) operating at 150 W. The surfaces o
thin film samples were scanned using an atomic force microscope (AFN-MDT) in semi-
contact mod to observe the surface topography and to quantitatively estimate the
roughness. Surface wettability studies were performed using a contact angle system (K
CCD camera) employing the sessile drop method. An average of ten measuremeimple
was obtained using sterilized nanopur,O (18.2 MQ cmi"), diiodomethane (Sigma Aldricl
and ethylene glycol (Sigma Aldrich). The average contact angle for each liquid was
calculate the surface free energy and its components, based on tis acid/base method
[393]. For J-V measurements, MIM structures were prepared by depositing alun
electrodes via thermal evaporation using a custom made shadow mask placed bet

samples.
Electrodes Substrate

| Vacuum gauge
Vacuum pump
[== Gas inlet

Monomer  Dopant
inlet inlet
RF Generator | Matching

network

Figure VI.3.1. Plasma polymerisation set
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VI1.3.3 Results and discussion

VI.3.3.1 Chemical composition

FTIR and XPS spectroscopy was used to analyze the changes in chemical structure of
polyterpenol films as a consequence of doping. XPS survey spectra collected for pristine and
iodine doped polyterpenol samples deposited under the same conditions are depicted in Figure
VI.3.2, and the atomic fractions of elements present in the films are summarized in Table
VI.3.1. Similar to pristine polyterpenol film, the iodine doped polymers are hydrocarbon in
nature, with low iodine concentration. Si and N atoms detected by the XPS are likely the
contaminations that have originated from glass and air respectively. In the doped film, there is a
significant reduction in the oxygen to carbon ratio compared to pristine polyterpenol. Such
change is likely to be associated with the introduction of impurity into the polymer structure via

elimination of oxygen, possibly through formation of highly oxidizing iodine compounds.
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Figure VI.3.2. XPS spectra for (a) pristine and (b) iodine doped polyterpenol samples.
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Table VI.3.1. Atomic fractions (%) of elements detected on the surfaces of pristine and iodine

doped polyterpenol samples using XPS.

Atomic fractions, %

I O N C Si
pristine 22.8 0.9 76.0 0.3
doped 0.1 15.2 0.6 83.9 0.2

In the FTIR spectra of the monomer and pristine polymer sample (Figure VI.3.3) the previously
reported peaks were observed [347,350]. The FTIR absorption bands and the suggested groups
for pure and iodine doped polyterpenol are presented in Table VI.3.2. Introduction of iodine
resulted in the significant reductions in the intensity of bands associated with methyl and
methylene functional groups. The relationship between intensities of methyl (13$Canth
methylene/methyl (1450 ch bands indicates chain branching and suggests that similar to
pristine polyterpenol, iodine doped film is comprised mostly of short polymer chains rather than
long linear backbone structures [422]. Presence of several peaks in 600-5a@iam of the

doped spectrum which correspond to aliphatic C-I stretch implies incorporation of iodine atoms

into the backbone of the polymer.
100

9()

70

Transmittance. %o

~= doped
—undoped

A

50
40H00 3500 3000 2500 2000 | 5000 1000 500

, 1
Wavenumber, cm

Figure VI.3.3. FTIR spectra of pristine and iodine doped plasma polymerized terpinen-4-ol.

The shifts observed in C-H frequencies and skeletal C-C vibration bands can be attributed to
high electronegativity of iodine atoms that can have marked effect on the spectrum of
neighbouring group frequencies. Integration of iodine into the polyterpenol molecular structure,

most likely by abstraction of H, is further supported by the presence of the group frequency
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associated with conjugated C=C bond. Considering the complex chemical structure of
polyterpenol thin film and presence of a large number of residual radicals commonly observed
in plasma polymers, several different reactions with iodine are likely to occur. Formation of
iodine oxidants during polymerisation can lead to oxidation of alcohol moieties to ketones.
Furthermore, light-induced homolytic dissociation of iodine may lead to formation of additional
iodine radicals that can in turn initiate hydrogen abstraction. Therafos#u iodine doping

results in a change in structure of plasma polymerized terpinen-4-ol thin film samples.

Table VI.3.2. Assignments of FTIR bands of pristine and iodine doped polyterpenol films.

Group frequency, wavenumber (¢m

Assignment
pristine iodine doped
3460 3438 Hydroxy group, H-bonded OH
stretch
2955 2958 Methyl asymmetric C-H stretch
2930 2932 Methylene asymmetric C-H stretch
2875 2874 Methyl symmetric C-H stretch
1708 1708 Ketone
1619 Alkenyl C=C stretch
1457 1450 Methylene C-H bend
1377 1379 Methyl symmetric C-H bend
~1020 ~1180 Skeletal C-C vibrations
600-500 Aliphatic C-I stretch

VI.3.3.2 Optoelectrical properties

Spectroscopic ellipsometry and UV-vis studies were carried out on the polyterpenol thin films
deposited on glass substrates to elucidate the effect of iodine doping on the thickness and optical
properties of the thin polymer films. Spectroscopic ellipsometry measures functions of the
Fresnel reflection coefficient®?’( 4) which are then parameterized as a function of wavelength

in order to obtain thin film parameters such as film thickness, surface roughness, refractive
index and extinction coefficient spectral dependencies, dielectric functions etc [329,423]. The
relationship betweeR, andRs Fresnel coefficients (for the- ands- polarizations respectively)

and the complex reflection coefficieml) Can be expressed through:

p =I;—’:=tan(‘}’)eiA =|:—p|em (2)

|7s]
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wherer, andrs are complex Fresnel coefficient$,a phase shift betweesand p polarized

waves [328]. Gaussian (harmonic) oscillators are suggested for fitting conjugated polymer data
in order to obtain the values for the film optical constants [329,330]. Mean-squareadues

of below 2 were achieved in the modelling process. Comparison between refractive index,
extinction coefficient and transmission profiles of the pristine and iodine doped polyterpenol
thin films are presented in Figure VI.3.4. Higher levels of doping notably increased the
refractive index of the thin films, from 1.54 to 1.70 at 500 nm wavelength, and significantly

reduced the transparency of films, owing to the strong absorption of visible light.
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Figure VI.3.4. Refractive index, extinction coefficient, and transmission of polyterpenol thin
films as a function of iodine doping level.

For the dielectric function, the real and imaginary terms can be expressed as follows:

e, (B) = ae~ ) — e (53) @)
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e1(E) = 2P [, 5 dt €

whereA is the amplitudeg the full width at half maximum, ané, the peak position [331].

From ellipsometric studies, in the wavelength region 200 nm to 1000 nm the real part of
permittivity (k) was found to be between 2.34 and 2.78 for pristine and between 2.52 and 2.97
for iodine doped polyterpenol samples. For pristine polyterpenol thin films, the results were in
accord with previously reported complex permittivity studies that found polyterpenol as a

potential low-k material.
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Figure VI.3.5. Real and imaginary part of permittivity as a function of frequency measured
using the ellipsometric technique for polyterpenol films fabricated at different RF deposition

powers.

The optical band gap of the polymer thin films were determined from absorption data obtained
using UV-vis spectroscopy and ellipsometry, and also by fitting a Tauc-Lorenz oscillator model
to the ellipsometric data collected for the film samples. In amorphous semiconductors, the

photon absorption follows the Tauc relation [332]:
ahv = B(hv — Eg)" (4)

wherea is the absorption coefficienhyv the photon energyB a constant dependant on the
length of localized state tails, ands determined by the nature of the electronic structure of the
material, andggthe optical band gap [98]. Parameteran take values of ¥z for direct and 2 for
indirect transition; the value of 2 is frequently chosen for amorphous materials and indicates a
parabolic function for the density of states distribution in the band tails [333,335]. Due to high

degree of disorder pertinent to the structure of plasma polymers, the value of the optical gap will
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diverge from the energy gap value by the width of the range of localized states in the valence
and conduction band [334,345]. Absorption coefficient data which resulted from the modelling
of optical constantsn( K was used to estimate the optical band gap values for pristine and
iodine doped polyterpenol. As shown in Figure VI.3.6, transition energies were estimated by
plotting (@hv)®> and ¢hv)'? as a function of photon energih) and extrapolating the linear
section of the curve to the abscissa, with the intercept denoting the values for the direct and
indirect transition energy gaps. UV-Vis absorbance data was treated in a similar fashion to
confirm the results (data not shown here). The results showed consistency between estimation
methods and are outlined in Table VI.3.3. Introduction of iodine reduced the indirect transition
band gap of polyterpenol from 2.82 to 1.64 eV, the reduction attributed to the incorporation of
iodine into polymer chain, as confirmed by FTIR and XPS studies, and in so doing extending
the density of states more into the visible region of the electromagnetic spectrum. In addition,
the increased absorption can be attributed to an increase in C=C bonds in the iodine doped

polyterpenol film layers compared to pristine polyterpenol.
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Figure V1.3.6. Direct and indirect allowed transition energies of pristine and iodine doped

polyterpenol films.

Polyterpenol has a low electrical conductivity due to the weak van der Waals forces, with the
variable-range hopping as the dominant charge transport mechanism due to strong localization
of the charge carriers typical for the amorphous organic polymer [424]. Changes in electrical
properties of doped amorphous materials, such as plasma polymers, are primarily related to the
change in the gap-state occupation, rather than an increase in the band state electron or hole
density characteristic of doped crystalline materials. In its doped state, the electrical activity of

iodine atoms stems from a complex reaction with both dangling idhead hydrogen atoms
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of polyterpenol chain, and the generation of an additional dangling bond5tg&85]. Hence,

as well as free charge carriers, iodine doping generates relatively deep localized states in the
polyterpenol, in addition to the intrinsic density of states distribution [425]. Such changes in the
gap-state density cause the shift in Fermi level and hence the electrical conductivity of

polyterpenol thin films.

Table VI.3.3. Band gap, direct allowed and indirect allowed transition energy gap of

polyterpenol thin films.

Direct allowed Indirect allowed
Sample type Band gap, eV  transition energy gap, transition energy gap,
eV eV
Pristine polyterpenol 3.33 3.44 2.81
lodine doped | 2.51 2.93 1.85
lodine doped I 2.29 2.61 1.64
lodine doped II annealed
2.48 2.82 1.74
to 100 °Cfor5h
600 T 3
500 1.9 ‘
* pristing *
= doped
= 400 y
= 2 18
g 300 pristine =
=< '3 -
2 doped g 17 *
= 200 2 o
1.6 *
100
“"Ooo¢¢' s
0 5
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Temperature, °C Temperature, °C

Figure VI.3.7. Film thickness (a) and dynamic refractive index (b) of pristine and iodine doped

polyterpenol film as a function of annealing temperature.

Spectroscopic ellipsometry was used to investigate the stability of the iodine doped polyterpenol
thin films. Changes in thickness and optical properties of the samples were monitored as the
films were annealed to 405 °C in 10 °C steps with 5 min intervals to maintain thermal

equilibrium between the sample and the stage. Previous studies have shown that pristine
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polyterpenol films fabricated under similar RF power conditions possess two distinct reg
thermal decomposition, with the first regime commencing at approximately°C and
characteried by minor thickness reduction attributed to desorption of low molecular v
species and recombination of free trapped radi[347]. lodine doped samples reveale:
slightly more pronounced weight loss over the same temperature range, as demons
Figure VI1.37a. Doped polyterpenol were subjecto 5 hours of annealing at 100 °C and tl
absorption spectrum rerled, as presented Figure VI.38. It was found that the indire
allowed transition band gap increased slightly, from 1.64 e-treatment to 1.74 eV pc-
annealing, the increase was attributed to desorption of loosely bonded iodine atoms !
suface of the film, similar tcin situ iodine doped plasma polymerised polyanili[426].
Subsequent heat treatment at 100°C of these samples did not result in any further char
band gap, an indication that the change in the ogproperties of iodine doped polyterpel
was stablend permanent, and is the result of iodine atoms being incorporated into the s

of the polymer.
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Figure VI1.3.8. Band gap, direct allowed and indirect allowed transition energies of i
doped ptyterpenol thin films heat treated at 100 °C for 5 hc

Unlike pristine polyterpenol films that remain relativeltable in terms of their optice
properties up to 250 °C, iodine doped samples commence second regime of decompu
around 200 °C witla significant increase in refractive index, as showFigure VI.3.7b. As
discussed earlier, integration of iodine into the polyterpenol structure was likely to invi
abstraction and formation of highly reactive iodine oxidants. Increased temg combined

with light-induced homolytic dissociation of iodine would enhance the mobility and rea
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of such species, with new reaction pathways being initiated. In addition, pristine polyterpenol
films contain a significantly larger proportion of C-H bonds which have higher dissociation
energy compared to oxygen containing moieties, and hence would contribute to thermal stability
of the films. Over the temperature range of 200 °C to 405 °C, doped films undergo a phase
change which is reflected in a rapid increase in refractive index and significant reduction in film
thickness. Similar to polyvinyl alcohol and polyvinyl acetate, polyterpenol samples are believed
to experience non-radical depolymerization via hydrogen abstraction [381], and scission of
weaker C-H bonds via radical transfer to the tertiary carbon atom followed by the scission of a
C-C bond in the fposition which is a common thermal degradation pathway in cross-linked and
branched plasma polymers.

VI1.3.3.3 Electrical studies

Current density — voltage relationships of the pristine and doped thin films of approximately
350 nm in thickness sandwiched between Al as electrodes are shown in Figure V1.3.9. While
the J-V curves of doped samples are approximately the same shape, having two sections of
different gradient in the low and high voltage regions,Jié curve for the device containing
pristine polyterpenol is distinct.
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Figure VI.3.9. Current density,), of devices containing pristine and iodine doped polyterpenol
with an applied voltage between 0 V and 20 V.

Ability to determine a predominant mechanism of conduction in insulating polymer thin films
relies on the dependence of the current density on such parameters as applied voltage, film

thickness, temperature, and so on. For instamee? generally indicates a possibility of space
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charge limited conduction mechanism. A linear dependence &flmV also suggests this
mechanism, whereas a linear dependence @M indicates a possibility of Schottky or
Poole—Frenkel conduction. Furthermore, for space charge limited conduction mechanism, a
thickness dependence of conductivity should be satisfied in the Jdfimd™, wherel is a
parameter associated with the trap distribution and shoul& [3ein the presence of traps. On

the other hand, if Poole-Frenkel conduction or Schottky emission is assumed, the current
density should obey log ~ d*? at a fixed voltage. The general expression for both Schottky

and Poole—Frenkel type conductions is [410]:

] = Joexp (2-2) (1)

where J is the low field current density, F the applied electric figlthe Boltzmann constark,

the absolute temperaturethie coefficient of the static electric field, appdhe ionization energy

of localized centres and Coulomb barrier height of the electrode polymer interface in the case of
Poole—Frenkel and Schottky mechanisms, respectively. The field lowering coefficieat
known asfs andpfer in the case of Schottky and Poole—Frenkel conductions, respectively, and
can be expressed as [411]:

1/2

Bor = 285 = 2 () (2)

ATTEQEy

wheree is the electronic chargeythe permittivity of free space,the dielectric constant of the
bulk polymer material at high frequencies. By comparing theoreffigaland fpr with
experimentally attaineds coefficient, Schottky and Poole—Frenkel mechanisms can be

differentiated. The following relation was used to determine S
Bexp = skTd/? 3

where s is the slope of the linear section of In ¥sharacteristic:

s=—L 4)

In the low field region of 0-2.5 V, thé-V characteristic of pristine polyterpenol can be
described by a power law relation, wheérec V', andn = 0.94. Such value af indicates an
approximately Ohmic conduction mechanism. Exceeding 2.5 V, the values&.05 and 4.68

for 2.5-10 V and 10-20 V applied voltage, respectively, indicating non-Ohmic charge transport
for these regions. Although > 2 suggests a possibility of space charge limited conduction,

fitting the J-V data, the relationship is more linear inJAV®® plot, suggesting Schottky or
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Poole-Frenkel conduction. This agrees well with previous studies that demonstrated an
approximately Ohmic conduction in the lower applied field region, and Schottky emission in

2.5-6 V region for pristine polyterpenol. Deposited in the glow region, plasma polymers may
contain a significant concentration of trapping sites. However, the value of paramoetess

than 3 required in space charge limited conduction eliminates this possibility.
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Figure VI.3.10. Schottky/ Poole-Frenkel (a) and space charge limited (b) conduction

mechanism fits td—V curves in the high field region for pristine and iodine doped polyterpenol.

Then, the experimental values fofe, were determined as 1.44 x 90 and
4.32 x 10° eV m'?V ™2 for 2.5-10 V and 10-20 V, respectively. Using the dielectric value
&= 2.8 obtained at high frequencies using spectroscopic ellipsorfietinyd S-rwere calculated

as 2.27 x 10 and 4.54 x 18 eV m’?V 2 respectively. It is likely that in 2.5-10 V region, the
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dominant transport is Schottky emission, whereas in 10-20 V applied field region, Poole—
Frenkel mechanism may dominate. Similar to pristine polyterpenol)-theurves of lightly

doped samples were also described by the power law relafion" in the lower power region,

0-5 V, with n of 1.08, suggesting an Ohmic conduction mechanism. In the same region,
strongly doped samples were described by V ", with n = 1.33, indicating Schottky/ Poole—
Frenkel mechanisms as likely. In the higher applied voltage region, doped samples had n of 2.25
and 2.27 for lower and higher doping levels, indicating a possibility of space charge limited
mechanism. A plot of Id-In V in this region is more linear compared taltV °°, advocating

in favour of space charge limited conduction.

The conductivity of the samples was also determined as a reciprocal of resistiglulated

p == (%)

wherep is the resistivity of the materiah the device surface ared the thin film thicknessy
measured voltage, adneasured current. Doping increased the conductivity from 5.05% 10
S/cm to 7.74 x 10 S/cm and 1.20 x 10 S/cm for increasing doping levels (calculated at 20
V).

VI.3.3.3 Surface properties

Atomic force microscopy and nanoindentation analyses were executed to highlight the changes
in physical and surface properties of the polymer films while contact angle measurements are
conducted to evaluate wettability of the polymer samples. Examination of the surface
topography of the pristine and iodine doped polyterpenol thin films showed that the surfaces
were smooth, defect free and uniform. The maximum peak hdiyhf),(surface skewness

(Rskw @nd coefficient of kurtosisR,,) increased from 5.4 nm, 0.22, 1.65 for pristine to 6.8 nm,
0.76, 2.51 for iodine doped polyterpenol, respectively. Such valuBs.pand R, indicate a
disproportionate number of peaks and a well spread out height distribution for the surface. The
average roughnesfy) and RMS R;) parameters of iodine doped films were found to be

similar to the values for pristine polyterpenol, 0.42 nm and 0.56 nm,fandRR respectively.

Surface wettability studies were performed using water, diiodomethane and ethylene glycol.
The average contact angle reduced from 68.7° to 61.6° for water, 71.63° to 47.1° for glycerol,
and from 38.1° to 28.4° for diiodomethane, for pristine and iodine doped films respectively.

Increased hydrophilicity of doped samples was attributed to a significantly larger number of
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polar functional groups exposed to the top of the polymer surface. Contact angle measurements
were also conducted on a number of iodine doped samples stored for 60 days in ambient
environment, with noted an approximately 10% increase in respective contact angles for water
and glycerol compared to those pertaining to freshly deposited doped surfaces. Plasma
polymerized thin films are frequently characterized by a significant number of radicals trapped
within the bulk of the polymer. After the deposition, these radicals continue to react with one
another, the polymer molecules, and the ambient environment. Rapid oxidation of polymer upon
exposure to the air is common for plasma polymers, and results in the formation of oxygen
containing groups on the surface of the films, rendering the film more hydrophilic. Overtime,
however, the polar moieties have a propensity to migrate into or re-orientate themselves toward
the bulk of the film in an attempt to minimize the interfacial tension at the polymer/air interface.
Such change in surface configuration can account for the change in the contact angle behaviour
of doped polymer films with time. Under similar exposure conditions, the surface configuration
of pristine polyterpenol remains relatively constant, due to initially lower surface tension and

consequent lower interfacial tension between the surface of polyterpenol and ambient air.

Table VI.3.4. Contact angle and surface tension for pristine and doped polyterpenol thin film.

Contact angle, [°] Surface tension fractions, [mJ9n
Sample W .
Water Glycerol DIM Y Y ' Ys
pristine 68.67 71.63 38.12 4054 0.26 19.82 45.08

doped 61.59 47.05 28.42 23.87 5.56 1415 41.24

The average contact angle for each liquid was used to calculate the surface free energy and its
components, based on the Lewis acid/base method [427], and the results are summarized in
Table Vi.3.4. As is the case with pristine polyterpenol films, iodine doped samples were found
to be monopolar in nature, largely manifesting electron-donor properties. However, the
electron-acceptor fraction of the surface tension for iodine doped samples was significantly
higher than that of pristine polyterpenol, due to the presence of iodine atoms. As a monopolar
solid, the iodine polyterpenol is likely to interact with polar solvents, such as water. Over time,
the polar components of surface tension and the total surface tension of the film surface

decrease, hence lowering the solvophilic response of the surface to polar solvents.

VI.3.4 Conclusion

Polyterpenol thin films were manufactures using RF plasma polymerisation. lodine doping was

carried outin situ, which led to significant change in the chemical structure of the film. FTIR
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studies revealed that iodine was being incorporated into the backbone of the polymer, and that
such incorporation resulted in the notable reduction in the methyl and methylene functional
groups and appearance of C=C bond. Reduction in oxygen and increase in carbon atomic
fractions as determined by XPS studies further indicated that abstraction of H, most probably by
elimination of water, was one of the likely reaction pathways to take place during co-
polymerisation. Higher levels of doping notably increased the refractive index of the thin films,
from 1.54 to 1.70 at 500 nm wavelength, and significantly reduced the transparency of films,
owing to the strong absorption of light characteristic of iodine species. Introduction of iodine
impurity reduced the band gap of polyterpenol, by extending the density of states more into the
visible region of the electromagnetic spectrum and an increase in C=C bonds in the iodine
doped film layers compared to pristine polyterpenol. Doping increased the conductivity from
5.05 x 10% S/cm to 7.74 x 10 S/cm and 1.20 x IBS/cm (at 20 V) for increasing doping
levels. When subjected to annealing to 100 °C for 5 hours, the band gap of doped polyterpenol
increased slightly, the increase was attributed to desorption of loosely bonded iodine atoms
from the surface of the film, and remained stable thereafter. Doping was found not to affect
surface morphology of the film. All films were smooth, defect free and uniform. Increased
hydrophilicity of doped samples was attributed to a significantly larger number of polar
functional groups exposed to the top of the polymer surface. lodine doped samples were found
to be monopolar in nature, largely manifesting electron-donor properties, although the electron-
acceptor fraction of the surface tension for iodine doped samples was significantly higher than

that of pristine polyterpenol, due to the presence of iodine atoms.
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CHAPTER VII

POTENTIAL APPLICATIONS IN ORGANIC ELECTRONICS

The feasibility of polyterpenol as an insulating layer in electronics applications is tested.

In Section VII.1 performance of polyterpenol-incorporated pentacene-based organic field effect
transistors is compared against a non-modified counterpart. The changes in device performance
and characteristics are measured with respect to device mobility, threshold voltage and
switching ratio. The results of this work are publishedJasob, M. V., Bazaka et al.,
Fabrication and characterization of polyterpenol as an insulating layer and incorporated
organic field effect transistor. Thin Solid Films 2010, 518, 6123-6129

Subsequent sections investigate the carrier transport in double-layer p- and n-type metal-
insulator-metal devices using electric field induced second harmonic generation. In these
experiments, polyterpenol is used as an insulating blocking layer that facilitates visualisation of
single-species carriers within a multilayer device or a device containing an ambipolar
semiconducting material, such as pentacene. In Section, YHe2active material is pentacene

and, and time-resolved measurement is used to demonstrated carrier injection, transport and
accumulation under forward and reverse bias conditions. The blocking property of polyterpenol
is reported irBazaka, K. et al., Investigation of interfacial charging and discharging in double-
layer pentacene-based metal-insulator-metal device with polyterpenol blocking layer using
electric field induced second harmonic generation. Chemical Physics Letters 2011, 503, 105-
111.

In Section VII.3 the effect of polyterpenol deposition conditions on the blocking performance
of the layer are also investigated using the aforementioned technique, with results outlined in
Bazaka, K. et al., Effect of organic gate dielectric material properties on interfacial charging

and discharging of pentacene MIM device. Physics Procedia 2011, 14, 62-66.

In Section VII.4 the charge transport mechanism across plasma polymerised polyterpenol is
investigated by employing fullerene organic semiconductor on the polyterpenol thin film and Al
top electrodes. Electron blocking property suggested by the results of this experiment is further
substantiated using an electroluminescence spectrum measurement on
Al/Csy/Alg3/polyterpenol/IZO structures. The outcomes of this investigation is summarised in
Jacob, M. V., Bazaka, K. et al., Electron—-blocking hole-transport polyterpenol thin films.

Chemical Physics Letters
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VI.1 POLYTERPENOL AS A GATE MODIFICATION LAYER IN
PENTACENE-BASED OFET

Abstract

A non-synthetic polymer material, polyterpenol, was fabricated using a dry polymerization
process hamely RF plasma polymerization from an environmentally friendly monomer and its
surface, optical and electrical properties investigated. Polyterpenol films were found to be
transparent over the visible wavelength range, with a smooth surface with an average roughness
of less than 0.4 nm and hardness of 0.4 GPa. The dielectric constant of 3.4 for polyterpenol was
higher than that of the conventional polymer materials used in the organic electronic devices.
The non-synthetic polymer material was then implemented as a surface modification of the gate
insulator in field effect transistor (OFET) and the properties of the device were examined. In
comparison to the similar device without the polymer insulating layer, the polyterpenol based
OFET device showed significant improvements. The addition of the polyterpenol interlayer in
the OFET shifted the threshold voltage significantly; + 20 V to -3 V. The presence of trapped
charge was not observed in the polyterpenol interlayer. This assisted in the improvement of
effective mobility from 0.012 to 0.021 éfws. The switching property of the polyterpenol
based OFET was also improved; td@mpared to 10 The results showed that the non-synthetic

polyterpenol polymer film is a promising candidate of insulators in electronic devices.

Keywords: Gate insulator; OFET; pentacene; polyterpenol; surface modification

As published in: Jacob, M. V., Bazaka, K., Weis, M., Taguchi, D., et al., Fabrication and
characterization of polyterpenol as an insulating layer and incorporated organic field effect
transistor. Thin Solid Film3010, 518, 6123-6129.
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VII.1.1 Introduction

A significant industrial growth in the area of organic semiconductors over the past few years has
been well recognized by the scientific community [16,17]. The advancement is especially
noticeable in organic electronic systems such as flexible electronic displays, organic field effect
transistors (OFETSs) and thin-film organic photovoltaic devices. In spite of numerous advantages
to the organic circuits and devices, the efficiency of such systems is yet to be comparable to that
of silicon based devices. This necessitates the development of advanced, high-performance
organic materials with properties comparable to those of conventional electronics materials
[85,86,89,319,336]. In the last few years, a considerable effort has been directed to the
development of organic thin-film transistors due to their potential of being used in organic
electronics, particularly in flexible screens and other printed electronic devices. Amongst a
variety of organic semiconducting materials evaluated, pentacene was found to be one of the
most promising candidates for the fabrication of organic transistor, since it offers higher
mobility, better on/off ratio, improved environmental stability, and better reliability than most
other organic materials. Along with the development of preparation method of pentacene as an
active layer in OFET, much effort has been made to improve the OFET performance by
controlling the semiconductor/dielectric interfacial properties, and using an additional layer
such as polymer thin-film, self-assembled monolayer, kighetal oxide, thin polymer/thick

highk oxide hybrid layer, etc [428-431]. Despite these efforts, the need for further
improvements remains. In this paper, we focus on organic materials fabricated from non-
synthetic renewable sources using environmentally responsible techniques, making these

materials suitable for the demands of sustainable human life of the 21st century.

Recently, the fabrication of a non-synthetic polymer thin-film material napmyyerpenowas
reported [336]. Polyterpenol is an environmentally friendly material fabricated from a non-
synthetic source, i.e. terpinen-4-ol (Figure VII.1.1a), with properties that are stable and
reproducible under similar fabrication conditions [347]. Plasma techniques such as DC, AC or
RF polymerization [96,325,393,432,433] that can be used to manufacture polyterpenol thin-
films are a clean and dry process and hence electronic circuit modifications can be carried out
without altering the device properties. Furthermore, a wide range of low-cost substrates
including glass, plastic, and metal foils can be used to fabricate polymer thin-films [86,319].
The typical characteristics of plasma polymerised thin-films are a smooth homogenous surface,
pinhole free layer and high adhesion to the substrate [96]. Considering the above mentioned
properties of the material, in this work we studied the electrical insulating properties of the non-

synthetic polyterpenol polymer film, and examined the performance of this polymer as a gate
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insulating layer in OFET. First, polyterpenol thin-films of various thicknesses were fabricated
and their surface potential was evaluated using Kelvin probe technique. The-ealtage (-

V) characteristics were studied using a metal-insulator-metal (MIM) structure. Finally,
polyterpenol thin-films were incorporated as an insulating layer of the pentacene based FET and
the performances of the OFETs with and without the polymer layer were compared. In the
device, the polymer insulating layer was introduced between the I&@r and pentacene
layers. The experiments suggested that the polyterpenol thin-films used here is a possible

candidate of insulators in electronic organic devices.

VII.1.2 Experiments
VII.1.2.1 Polymer thin-film fabrication

RF plasma polymerization technique was used to fabricate polymer thin-films from non-
synthetic terpinen-4-ol monomer distilled by Australian Botanical Products. The chemical
structure of the terpinen-4-ol is shown in Figure VIl.1.1a. RF signal of 13.56 MHz with input
power of 25 W was used to generate the glow discharge. RF energy was delivered into a
custom-manufactured glass deposition chamber [325] by means of capacitive coupled copper
electrodes. Non-synthetic terpinen-4-ol was slowly released into the glass discharge chamber
which was kept under a vacuum of 40 Pa and at ambient temperature. The deposition time was
varied to obtain samples of various thicknesses. Polymer thin-films with thicknesses of 30, 50,
100 and 500 nm were fabricated on different substrates, such as ITO/Al/Au coated glass and Si
wafers with 100 nm silicon dioxide (Sj0layer. Si substrate pre-coated with gold thin-film on

one side and 100 nm Si®@n the other side was used for the fabrication of 100 nm thick
polymer thin-film. In this instance, the heavily-doped Si wafer was to serve as the gate for the
OFET circuit.

A UV-vis spectrometer (Avantes 2048) was used to collect the absorbance profile for each of
the polyterpenol samples, and also as a tool for preliminary estimation of the thickness of the
thin-film. Optical properties of the films were determined from the ellipsometric data collected
at three different angles of incidenge< 55°, 60°, and 65°) over the wavelength range of 200 —
1000 nm (6.2— 1.2 eV) by means of regression analysis (WVASE32 software package). First,
Cauchy dispersion was applied to data within 3000 nm range assuming the films are
optically transparent within this regiok approximates 0) and the film is homogenous, and
using the thickness estimated obtained by means oefvid\spectrometer as an initial input
parameter. Roughness layer (50% material/50% void) was also employed in the modeling

process. Then, Gaussian oscillators were employed as harmonic oscillators. The surface
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architecture of polyterpenol films was investigated using atomic force microscope (AF-
MDT NTEGRA Prima) to evaluate the topographical properties of the surfaces over
ranging from angstroms to microns. The -destructive semtontact AFM mode was used
order to minimize the damage to the surface of the films. Multiple scans of randomly
areas were performed on each sample to ensure the accuracy of characterizations. The

samples exhibited very smooth surface with average surface roughnes nm, as described

in section 3.1.
Source
Polyterpenol ? le
3i0; _
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_L v Gate
Feidid ); e I7777
a) b)

Figure VII.1.1. (a) Molecular structuref terpinen-4el, and (b) schematic view of OFET w

polyterpenol interlayer.

VII.1.2.2 MIM and OFET fabrication

MIM structure was fabricated using the polymer -film. For the MIM structure, a 300 n
thick polymer thinfilm was sandwiched between ITOd 8 nm thick gold electrodes.
addition to the MIM structure, for the electrical characterizatio-contact pentacene OFE
were fabricated, as shown Figure VII.1.1(b). Heavilydoped Si wafers with a 100 nm thi
thermally prepared SiQOinsulatinglayer were used as the base substrate for fabricatin
OFET structures. Polyterpenol t-film with a thickness of 100nm was deposited onto
silicon dioxide surface. Pentacene (Tokyo Kasei Kogyo Co., Japan) without further purif
was used as ¢hsource for the th-film of thickness 100 nm deposited on top of
polyterpenol film. During the deposition of pentacene, the pressure was kept at les<* Pa
and the deposition rate was fixed at 3 nm/min, monitored using a quartz crystal microb
Gold electrodes (source and drain electrodes) with a thickness of 100 nm were deposit:
pentacene thifitm surface using a custom made mask so a channel length (L) of 5am
and width (W) of 3 mm were obtain Keithley 2400 Source Meter was used for t—V
measurements of the MIM or the OFET structures. The DC bias voltage was varied fro
to 40 V. The impedance measurements were cariut using Solartron 1260 Impedar

Analyzer. MIM samples were tested in the range of 1 MHz to 1 Hz with 10 points per
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with AC signal amplitude of 0.5V. In order to avoid unexpected carrier injection, sample
charging or electric breakdown, the exposure of sample to the high electric field was minimized

by applying opposite bias voltages in the next frequency sweep.

VII.1.3 Results and discussion
VII.1.3.1 Fundamental properties

Polyterpenol thin-films of different thicknesses with refractive index of 1.55 (at wavelength of
450 nm) were deposited onto a range of substrates. The film thicknesses were measured using
ellipsometry and the thicknesses were estimated to be 30, 50, 100, 200 and 500 nm. The surface
properties of polyterpenol were examined to reveal a smooth, defect free surafce commonly

reported for plasma polymerised thin-films [336].

a. The optical band gap:

The UV-Vis absorption spectrum was measured using a spectrometer. The absorption
coefficient data were used to estimate the optical band gap of the material using the Tauc
equationahv =B (hv —Eg) ", wherea is the optical absorbancejs the frequency of light, and

n andB are factors dependent on the type of transition and the length of localized state tails,
respectively. Fon value of 2, the Fwas estimated to be 2.65 eV, which is in agreement with
[336].

b. Refractive index:

The refractive of the sample was measured using the spectroscopic ellipsometric method over
the wavelength region 260000 nm. The refractive index of the films was estimated from the
ellipsometric data collected at three different angles of incidepce $5°, 60°, and 65°).
Transmission data were appended to enhance the accuracy of the model used to determine
optical constants of the material and understand the transparency range of the polymer films
under investigation. For modelling, Cauchy dispersion was initially applied over the wavelength
region wherek approximates zero. Subsequently, harmonic oscillators, in this case two
Gaussian oscillators, were implemented. Figure VII.1.2 shows the refractive index and

extinction coefficient values over the wavelength region of 200 to 1000 nm.
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Figure VII.1.2. The refractive index and extinction coefficient of 100 nm thick polyterf
thin-film.

c. Surface potential:

The Kelvin probes a norcontact, nordestructive measurement device based on a vibt
capacitor and is used to investigate surface and bulk properties of materials. It meas
work function difference, or for n-metals, the surface potential, between a concg
specimen and a vibrating tip. The work function is an extremely sensitive indicator of :
condition and is affected by adsorbed or evaporated layers, surface reconstruction,

charging, oxide layer imperfections, and surface and bulk conttion.
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Figure VII.1.3. The surface potential of polyterpenol i-film deposited on ITO coated gla
substrate; and the schematic view of the measurement setuy.

168



We have measured the surface potentica 100 nm thiclkpolyterpenol sample deposd ITO.
Figure VIl.13(a) shows the surface potential of the polyterpenol measured at room temy
under vacuum, then heated to 80 °C and thereddown to room temperature. The differel
between these three measurements is very small which siates sible operation of the
polyterpenol incorporated device under varying temperatThese results also suggest th:-
deposited polyterpenéilm adheres well to the surface of ITO and is vetable.

d. Surface morphology and surface ene

Figure VII.14 shows the surface profile of the polymer -film investigated using atom
force microscope (AFM)The surface is very smooth, without any pinholes, and the av
roughness Rs less than 0.4 nm. The roughness parameters obtained forpenol thin-films
are summarised inTable VI.1.1. The hardness was measured using the Hyste
nanoindentation probe used in conjunction with AFM. The estimated hardness vi
polyterpenol is 0.4 GPa.

800 1000

€00

nm

Figure VII.1.4. The surface profile of the pderpenol thin-film (AFM).

Table VII.1.1. Surface energy fractions and roughness parameters of polyterpe-films.

Surface fre energy fractior (mJ/nf)  Roughness parameters

YLW YAB Y+ 'Y_ yTOT Ra1 nm Rq: nm Rmax: nir Rskw Rkur

405 54 04 206 459 042 052 5.3 06 0.71

Contact angle data collected for 6 different liquids was then used to calculate surface
fractions for polyterpenol films using Van Oss, Chaudhurd Good metho(393]. The results
were in agreement with previous studies that found polyterpenol to be strongly monopol
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significantly larger electrc-donor fractiony” compared to electroaeceptor frction y*. A
contact angle of 68 ° indicated that the polyterpenol-films were moderately hydrophili
Previous studies have shown that higher RF input power during deposition can be
increase the hydrophobicity of polyterpenol sam[347].

VII.1.3.2 The DC |-V characteristics as an insulating layer of MIM element:

Standard+4V measurement can be used to illate steadytate carrier injection and transp
phenomena in solids. The measur—V dependence (see Figure VIb(a)) of polyterpenc
MIM structure exhibits low current over a wide range of applied external, but it clearly
shows the applied el field dependent.
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Figure VII.1.5. (a) Current voltage measurement on MIM structure and (b) its analysi
Schottky injection.

When the MIM devicas exposed to the electric field, carriers are injected into the polyter
film from the metalelectrod. The thermionic emission (or Schottky injection) [process
accounts for the-V characteristics, as plotted Figure VII.15(b) by a linear line using se-
log scale. In more detailhe electrode-filminterface can be described by a carinjection
potential barrier energh® (difference between Fermi energy of #lectrodemetal and highest
occupied molecular orbital level the film). The thermionic emission (or Schottky injectis

[16] and the current density on the m-organic interfaceykan be described by the relati

J, = AT? ex;{—%j
s ®
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wheref, A, T, andkg are the Schottky parametds (:1/e3 /41E £, ), the Richar