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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 at 500 µN load, 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 (Ra) and RMS (Rq) 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 
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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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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 from 100 µN to 700 µN 

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 at 100 µN/s and 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 depth hc is 

established using elastic analysis developed by Sneddon for the penetration of a flat elastic half 

space by probes of axisymmetric shapes as �� � ���� � 	
����/
�, where hmax is maximum 

depth, ε is a constant dependant on the pressure distribution established after the plastic 

deformation and is a function of the geometry of the indenter, Pmax is maximum force, and S is 

contact stiffness. For Berkovich indenter, ε is usually assumed to take value of 0.75. The contact 
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stiffness S is defined as 
 � ��
��, and 
 � 2��� � ��

√� ��√�, where P is the indenter load, h is the 

depth of penetration by the indenter, a is the contact radius, β is a correction factor that depends 

on the material properties, the geometry of the indenter and the penetration depth [355], Er is the 

reduced modulus, and A is the projected (cross-sectional) contact area. Recently, Abbes et al 

demonstrated the dependence of β on 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 factor β of 1.034 was used in the calculations to account for the tip geometry of 

Berkovich indenter; the dependence of β on 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-related β factor correction 

produces a systematic bias of the same order of magnitude for the different polyterpenol 

samples. The hardness of the film sample H is derived from the peak force applied to the sample 

Pmax and the projected contact area A, as � � ����
� , where � �  
���. The reduced elastic 

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

expressed through  "
#$ �  
"%&'�

# ( 
"%&)'�
#)  , where E is the elastic modulus of the sample, ν is 

related to Poisson’s ratio of the specimen under investigation, and Ei and νi 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 2000 µN, 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.    

 



86 

 

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. 

  10 W 15 W 25 W 50 W 75 W 100 W 

Maximum peak height Rmax, nm 5.29 4.50 4.50 3.60 3.52 2.93 

Average Roughness Ra, nm        0.44 0.43 0.40 0.40 0.35 0.33 

Root Mean Square Rq, nm 0.56 0.55 0.54 0.51 0.44 0.42 

Surface skewness Rsk           0.11 0.07 0.39 0.20 0.13 0.05 

Coefficient of kurtosis Rkur
    1.47 0.13 1.56 0.29 0.20 0.20 

Scanned images representative of the samples are presented in Figure IV.1.2 and roughness 

parameters for the films are summarized in Table IV.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 height (Rmax) decreased for films deposited at higher RF power, from 5.29 nm 

for 10 W to 2.93 nm for 100 W. The average (Ra) and RMS (Rq) 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 skewness (Rskw) greater than 0 and coefficient of kurtosis (Rkur) 

less than 3, i.e. the Rskw values describe a disproportionate number of peaks pertaining to the 

polyterpenol surfaces; and the Rkur values signify the surfaces with well spread out height 

distribution [359,360]. There was no observed dependency of the surface skewness (Rskw) and 
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fabrication.  

Figure IV.1.2. Typical two

thin film surfaces deposited at 10 W (top), 50 W (middle), and 100 W (bottom) from 

approximately 1 µm × 1 µm scanned areas.

According to Pelliccione and Lu, there are multiple factors that would influence the formation 

of a complex morphology on the surface of a thin film grown via plasma assisted chemical 

vapour deposition [361].  Therefore, the roughness parameters of polyterpenol films were also 

investigated as a function of film thickness and deposition rate. Thinner films (below 100 nm) 

were characterised by a slightly lower 

nm fabricated under similar deposition conditions. A similar trend for plasma polymerised 

trans-2-butene was reported, where overall increase in RMS roughness was attributed to t
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increase in low frequency contributions [362]. Higher deposition rate (1 µm/h vs 0.2 µm/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 cos θ > 0, the 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 in θ 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 mechanical strength and thickness of plasma polymer thin films, 

residual stress, and chemical bonds at the interface, are thought to affect the adhesive 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 or cohesive strength in combination with identification of the critical failure sites 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 probe radius should also 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 method and a load-partial-unload 

technique. Illustrative single indentation curves from 2000 nm thick polyterpenol film 
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substrate. The variation in hardness with indentation depth was determined from repeated single 

indentations on films fabricated under different RF power conditions. It

polyterpenol thin films examined in this study are slightly harder at the surface of the samples, 

at indentation depth below 130 nm. More likely, however, is that the chain molecular mobility 

is being restricted in the confined region of 

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

scales of the material such as the polymer chain length 
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shallower indents resulting in a more profound expansion impediment due to intrinsic length 

et al proposed that the 
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superposed contact stress shifts Tg at 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 name 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 IV.1.2. Mechanical properties of plasma polymerised thin films (at 500 µN load). 

Sample Hardness ± SE, GPa Elastic recovery parameter 

10 W 0.33 ± 0.02 0.11 

15 W 0.35 ± 0.02 0.12 

25 W 0.38 ± 0.03 0.10 

50 W 0.42 ± 0.02 0.14 

75 W 0.49 ± 0.01 0.13 

100 W 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 



 

200 nm, the depth profile of the hardness follows a trend similar to that determined

single indentation approach. Above the plastic depth of approximately 200 nm, the hardness of 

the system gradually increases due to the stress field no longer being contained within the body 

of the coating. As the influence of the mechanical pro

response of the film-substrate system becomes more prominent, such data becomes less 

representative of the coating itself. 

Figure IV.1.4. Typical AFM image of plastic impressions remaining in polyterpenol sa

fabricated at 75 W after indented under different load conditions.

In order to evaluate the effect such parameters as loading time and dwell time have on the 

indentation behaviour of polyterpenol films, additional single indentations were performed on

samples deposited at 50 W. At constant load of 700 

with rates (r) ranging from 0.5 to 20 nm/s, decreased calculated hardness value from 0.44 GPa 

to 0.40 GPa. As the contact depth at maximum load is influenced by 

place during the holding time, the hardness values obtained using these maximum contact depth 

estimates will also be affected. Calculated from the tangent of the slope of the unloading curve, 

the modulus will also be directly impac

time is absent or insufficiently low, the film will continue to deform viscoplastically during 

unloading leading to distortions in the shape of the unloading curve. In the case of polyterpenol 

thin films, increasing the hold time from 3 s to 25 s at constant load of 400 

decrease in the calculated hardness from 0.43 GPa to 0.39 GPa. A logarithmic creep expression  

h = A ln (Bt + 1), where 

fitting parameters, can be used to describe the creep data for polyterpenol, as it has been 
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representative of the coating itself.  

Typical AFM image of plastic impressions remaining in polyterpenol sa

fabricated at 75 W after indented under different load conditions. 

In order to evaluate the effect such parameters as loading time and dwell time have on the 

indentation behaviour of polyterpenol films, additional single indentations were performed on

samples deposited at 50 W. At constant load of 700 µN, increasing loading and unloading time, 

) ranging from 0.5 to 20 nm/s, decreased calculated hardness value from 0.44 GPa 

to 0.40 GPa. As the contact depth at maximum load is influenced by creep deformation taking 

place during the holding time, the hardness values obtained using these maximum contact depth 

estimates will also be affected. Calculated from the tangent of the slope of the unloading curve, 

the modulus will also be directly impacted by the choice of the holding time. Where holding 

time is absent or insufficiently low, the film will continue to deform viscoplastically during 

unloading leading to distortions in the shape of the unloading curve. In the case of polyterpenol 

, increasing the hold time from 3 s to 25 s at constant load of 400 

decrease in the calculated hardness from 0.43 GPa to 0.39 GPa. A logarithmic creep expression  

, where h is increase in depth at Pmax, t is the holding ti

fitting parameters, can be used to describe the creep data for polyterpenol, as it has been 

200 nm, the depth profile of the hardness follows a trend similar to that determined using the 

single indentation approach. Above the plastic depth of approximately 200 nm, the hardness of 

the system gradually increases due to the stress field no longer being contained within the body 

perties of the substrate on the elastoplastic 

substrate system becomes more prominent, such data becomes less 

 

Typical AFM image of plastic impressions remaining in polyterpenol sample 

In order to evaluate the effect such parameters as loading time and dwell time have on the 

indentation behaviour of polyterpenol films, additional single indentations were performed on 

N, increasing loading and unloading time, 

) ranging from 0.5 to 20 nm/s, decreased calculated hardness value from 0.44 GPa 

creep deformation taking 

place during the holding time, the hardness values obtained using these maximum contact depth 

estimates will also be affected. Calculated from the tangent of the slope of the unloading curve, 

ted by the choice of the holding time. Where holding 

time is absent or insufficiently low, the film will continue to deform viscoplastically during 

unloading leading to distortions in the shape of the unloading curve. In the case of polyterpenol 

, increasing the hold time from 3 s to 25 s at constant load of 400 µN resulted in a 

decrease in the calculated hardness from 0.43 GPa to 0.39 GPa. A logarithmic creep expression  

time, and A and B are 

fitting parameters, can be used to describe the creep data for polyterpenol, as it has been 
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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]. Parameters A and B 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, with A at 

approximately 3.55. To compare, Beake and co-workers estimated that fused silica has A of 

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 constant k can be estimated from the plot of the plastic deformation as a function of 

holding time using H=H0 t
-k, where H is hardness, H0 is the hardness at t =1 min and t 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 reported k of 0.07 for plasma polymerised hexane 

films, and k 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 500 µN load, as presented in Table IV.1.2. The elastic recovery was calculated as 
���� �
���/��, where hmax is the maximum indent depth and hc is the contact depth. For 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.  

 



 

IV.1.3.3 Nanoscratch 

Figure IV.1.5. a) Nanoscratch normal force

Nanoscratch depth profile for the polyterpenol thing film coating tested with ramping normal 

load of 20−2000 µN. c) AFM images of scratche

fabricated at (a) 10 W, and (b) 100 W under varied normal load; top panel 1000 

panel 1500 µN, bottom panel 2000 

Figure IV.1.5 presents the nanoscratch depth profiles for polyterpenol thin films for a ma

normal load of 2000 µN. The initial state of the surface preceding the scratch is reflected in pre

scratch curve, the scratch scan curve corresponds to the actual tip penetration into the sample in 

the course of the testing, whilst the post
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. a) Nanoscratch normal force Fn and lateral displacement 

Nanoscratch depth profile for the polyterpenol thing film coating tested with ramping normal 

N. c) AFM images of scratches performed on polyterpenol thin films 

fabricated at (a) 10 W, and (b) 100 W under varied normal load; top panel 1000 

N, bottom panel 2000 µN. 

5 presents the nanoscratch depth profiles for polyterpenol thin films for a ma

N. The initial state of the surface preceding the scratch is reflected in pre

scratch curve, the scratch scan curve corresponds to the actual tip penetration into the sample in 

the course of the testing, whilst the post-scan curve is a representation of residual deformation 

 

and lateral displacement dl curves. b) 

Nanoscratch depth profile for the polyterpenol thing film coating tested with ramping normal 

s performed on polyterpenol thin films 

fabricated at (a) 10 W, and (b) 100 W under varied normal load; top panel 1000 µN, middle 

5 presents the nanoscratch depth profiles for polyterpenol thin films for a maximum 

N. The initial state of the surface preceding the scratch is reflected in pre-

scratch curve, the scratch scan curve corresponds to the actual tip penetration into the sample in 

e is a representation of residual deformation 



 

of the sample coating as a result of scratching, that is the plastic deformation of the probed 

coating after unloading the tip. In the case of polyterpenol thin films, the deviation between 

scratch and post scan curve indicates partial elastic recovery of the film sample. The residual 

plastic deformation was also confirmed by AFM scans, as presented in 

along the scratch trace and at the point of maximum applied normal load is noticeable

AFM images of polyterpenol films deposited at lower RF power (depicted by the lighter 

shading of the AFM image), indicating different mechanism of mechanical deformation for 

these coatings. Upon loading, the constant slope of the scratch scan indic

mechanical response of the material. Application of similar maximum normal loads resulted in 

higher scratch depths in the case of samples fabricated at lower RF powers, indicating these 

coatings are softer compared to polyterpenol films d

Figure IV.1.6. Nanoscratch data for polyterpenol thin films fabricated at 25 W: (a) lateral force 

F1 and normal displacement d

of friction profiles of the polyterpenol thin film (c) as a function of deposition RF power, and 

(d) under varied ramping normal load (film fabricated at 100 W).
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of the sample coating as a result of scratching, that is the plastic deformation of the probed 

coating after unloading the tip. In the case of polyterpenol thin films, the deviation between 

n curve indicates partial elastic recovery of the film sample. The residual 

plastic deformation was also confirmed by AFM scans, as presented in Figure

along the scratch trace and at the point of maximum applied normal load is noticeable

AFM images of polyterpenol films deposited at lower RF power (depicted by the lighter 

shading of the AFM image), indicating different mechanism of mechanical deformation for 

these coatings. Upon loading, the constant slope of the scratch scan indic

mechanical response of the material. Application of similar maximum normal loads resulted in 

higher scratch depths in the case of samples fabricated at lower RF powers, indicating these 

coatings are softer compared to polyterpenol films deposited at increased RF power levels. 

. Nanoscratch data for polyterpenol thin films fabricated at 25 W: (a) lateral force 

and normal displacement dn, and (b) friction coefficient µs as a function of time. Coefficient 

es of the polyterpenol thin film (c) as a function of deposition RF power, and 

(d) under varied ramping normal load (film fabricated at 100 W). 

of the sample coating as a result of scratching, that is the plastic deformation of the probed 

coating after unloading the tip. In the case of polyterpenol thin films, the deviation between 

n curve indicates partial elastic recovery of the film sample. The residual 

Figure IV.1.5(c). Pile-up 

along the scratch trace and at the point of maximum applied normal load is noticeable on the 

AFM images of polyterpenol films deposited at lower RF power (depicted by the lighter 

shading of the AFM image), indicating different mechanism of mechanical deformation for 

these coatings. Upon loading, the constant slope of the scratch scan indicates a homogenous 

mechanical response of the material. Application of similar maximum normal loads resulted in 

higher scratch depths in the case of samples fabricated at lower RF powers, indicating these 

eposited at increased RF power levels.  

 

. Nanoscratch data for polyterpenol thin films fabricated at 25 W: (a) lateral force 

as a function of time. Coefficient 

es of the polyterpenol thin film (c) as a function of deposition RF power, and 
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In Figure IV.1.6, the nanoscratch data for polyterpenol thin films are presented as a plot of 

lateral force F1 and normal displacement dn, and friction coefficient µs as 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 IV.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 IV.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.  



 

Figure IV.1.7. Adhesion behav

and (c) PS at various RF power levels.

IV.1.4 Conclusions 

Thin films of polyterpenol were fabricated using RF plasma polymerisation under varied RF 

deposition power levels and their mechani

nanoindentation and nanoscratch analyses. Independent of deposition power, polyterpenol 

coatings were smooth, uniform, and defect free. 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. The average (

decreased, from 0.44 nm and 0.56 nm for 10 W to 0.33 nm and 0.42 nm for 100 W, 

respectively. Coatings fabricated at higher deposition power were characterised by improved 

hardness and enhanced wear resistance. The hardness increased from 0.33 GPa for 10 W to 0.51 

GPa for 100 W at 500 µN load. The elastic recovery 

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 attributed to incre

with higher input power and hence are likely to be more s

Potential for damage and delamination of polyterpenol coatings was also qualitatively assessed 

using a standardised cross

improved for samples deposited at higher RF power; the results consistent with those obtained 

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

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

require smooth and uniform surfaces.   
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. Adhesion behaviours of polyterpenol thin films fabricated on (a) glass, (b) PET, 

and (c) PS at various RF power levels. 

Thin films of polyterpenol were fabricated using RF plasma polymerisation under varied RF 

deposition power levels and their mechanical and tribological properties were examined using 

nanoindentation and nanoscratch analyses. Independent of deposition power, polyterpenol 

coatings were smooth, uniform, and defect free. Smooth surface of polyterpenol films indicates 

on reactions took place predominantly on the surface of the glass substrate 

rather than in the gas phase. The average (Ra) and RMS (Rq) 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, 

ively. Coatings fabricated at higher deposition power were characterised by improved 

hardness and enhanced wear resistance. The hardness increased from 0.33 GPa for 10 W to 0.51 

µN load. The elastic recovery was estimated to be between

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 attributed to increased degree of cross

with higher input power and hence are likely to be more stable and less susceptible to wear. 

Potential for damage and delamination of polyterpenol coatings was also qualitatively assessed 

using a standardised cross-hatch test. Independent of the substrate, the quality of adhesion is 

improved for samples deposited at higher RF power; the results consistent with those obtained 

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

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

require smooth and uniform surfaces.     
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ively. Coatings fabricated at higher deposition power were characterised by improved 

hardness and enhanced wear resistance. The hardness increased from 0.33 GPa for 10 W to 0.51 

was estimated to be between 0.1 and 0.14. 

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 

ased degree of cross-linking associated 

and less susceptible to wear. 

Potential for damage and delamination of polyterpenol coatings was also qualitatively assessed 

atch test. Independent of the substrate, the quality of adhesion is 

improved for samples deposited at higher RF power; the results consistent with those obtained 

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

to many commonly used substrates, is a potential candidate for thin film applications which 
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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 published as Bazaka, 

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.2, 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 presented in Bazaka, K., Jacob, M. V., Solubility 

and surface interactions of RF plasma polymerized polyterpenol thin films.  

 

  



98 

 

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 Stability 2010, 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% H2SO4 in concentrated H2O2) 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 thickness (d), 

interfacial roughness (σ) and scattering length density (SLD) of the films. The XRR 

measurements were acquired as a function of incident angle (θ) in air using a Panalytical X’Pert 

Pro reflectometer with Cu Kα (λ = 1.54056 Å) 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 collect in-situ dynamic Ψ and ∆ 

parameters (at fixed φ = 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.1.3.1 Surface 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 (Ra), RMS roughness (Rq), maximum peak height (Rmax), surface skewness (Rskw) and 

coefficient of kurtosis (Rkur). Roughness parameters such as Ra, Rq, and Rmax were not 

statistically different (p > 0.05) from the respective as-deposited values. Average roughness Ra 

for the films was around 0.3 nm. All polymer surfaces displayed the surface skewness (Rskw) > 0 

and coefficient of kurtosis (Rkur) < 3. Such values for Rskw and Rkur 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 parameters Ψ and ∆ and transmission data 

collected over a wavelength range of 200–1000 nm at angles of incidence φ= 55°, 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. 

 

 

The effect of deposition power on thermal stability of polyterpenol films was examined using 

dynamic ellipsometric data (Ψ and ∆) from annealing samples to 405 °C. Preliminary 

examination of Ψ and ∆ 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, similar to α-methylstyrene . Above 

245 °C, notable alterations in Ψ and ∆ 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.     

 

Power 
Refractive index change, % Thickness 

change, % 300 nm 600 nm 900 nm 

10 W 0.02 0.08 0.02 0.28 

15 W 0.08 0.08 0.14 0.32 

25 W 0.34 0.23 0.05 -0.12 

50 W 0.49 0.28 0.07 -0.11 

75 W 0.58 0.32 0.14 -0.36 

100 W 0.49 0.41 0.18 -0.37 
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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 thickness (d), surface roughness and scattering length density (SLD) 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 surface (Qz). 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 determined by d ≈ 

2π/∆Qz. Using the Parratt formalism, reflectivity data were fitted as log(R) vs Q, with 

corrections for a linear background, resolution smearing, and Gaussian roughness at each 

interface [379]. The SLD value of 20.1 10-6 Å-2 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 high Qz, 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 – 10 µm × 10 

µm and 1 cm × 1 cm for AFM and XRR respectively.  

 

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 pi–pi٭ transitions. Figure 

V.1.5 demonstrates the UV-Vis absorption behaviour of the polyterpenol 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.  

 

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 3450 cm-1 that can 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(α- 

methylstyrene), where the inclusions of additional oxygen containing groups (such as C–O and 

C=O) were reported [377].  

 

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 

(α–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(α–methylstyrene). The second phase of decomposition 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 polyterpenol film into a less hydrocarbon dense 

structure. A spectrum for 300 °C confirms hydrogen abstraction, with significant reduction in 

intensity of peaks assigned to stretching (ν) and bending (δ) of C–H bonds [2955 cm-1 (νa(C–

H)), 2930 cm-1 (νa(C–H)), 2875 cm-1 (νs(C–H)), 1459 cm-1 (δa(C–H)) and  1380 cm-1 (δs(C–H))], 

hydroxy group [3460 cm-1 (ν(–OH))], and increase in intensity for peaks associated with carbon-

oxygen stretching [1707 cm-1 (ν(C=O)), 1150 cm-1 (ν(C–O)), 1050 cm-1 (ν(C–O))]. 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-1 

(ν(C=C))], 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 in the β–position is another 

common degradation pathway.    

 

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; 
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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 techniques, including spin-coating and 

plasma-enhanced chemical vapor deposition [89,90,96]. Non 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 composition 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 



115 

 

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 Kα, hν = 1486.6 eV) operating at 150 W. The energy scale of the instrument 

was calibrated by measuring the binding energies for pure metal foils, Au 4f7/2 (Eb = 84.0 eV), 

Ag 3d5/2 (Eb = 368.3 eV), and Cu 2p3/2 (Eb = 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 component (Eb = 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 × 300 µm2 for survey and region spectra respectively, recorded at 

corresponding steps of 1 eV and 0.1 eV. Kratos Vision II 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 yielded y=-0.02t +119 and R2=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 angle, θ, 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 values of θ were used to calculate the surface 

tension (also referred to as surface energy with the corresponding units mJm-2 and mNm-1 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 tension γ12 using Equation 1 [395,396]: 

 12121 2γ−=∆G           (1) 

where ∆G121 is the free energy change and γ12 can be calculated using the following two 

equations: 

*"� � 
+*",- � .*�,-�� (  2
+*"/*"% ( +*�/*�% � +*"/*�% � +*"%*�/�   (2) 



116 

 

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  

*01 �  *0 � *12345         (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 θ. 

OWRK approach assumes the total surface tension of any liquid or solid phase i can be 

expressed as a sum of its polar γp and disperse γd fractions of the surface tension as follows 

[388,390]:  

*6 �  *6
7 (  *6�          (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 straight line y = mx + b: 

8 �  .*079 (  +*0�          (5) 

where 8 � 
1 ( 2345� · *1/2.*1� , and 9 �  .*1
7/*1� . In a linear regression of the plot of y 

against x for at least two solvents, *07 is obtained from the square of the slope of the curve m and 

*0� from the square of the ordinate intercept b. Neumann’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: 

2345 �  �1 ( 2.<=
<> ?%�
<=%<>�'

        (6) 

where *0  and *1  represent solid and liquid total surface tensions, respectively, and β is the 

empirically set coefficient related to a specific solid surface (β ≈ 0.0001247). VCG approach 

postulates the total surface tension of a nonionic surface i consists of two contributions [393]: 

the *6,-  component that corresponds to Lifshitz-van der Waals interactions, comprising 

dispersion, dipolar, and induction forces, and the *6�@ component describing an acid-base 

interaction, comprising all of the electron-donor *6% and electron-accepter *6/ interactions, such 

as hydrogen bonding: 



117 

 

*6 � *6,- ( *6�@ �  *6,- (  2+*6/*6%       (7) 

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

follows: 


1 ( 2345�*1 � 2
.*0,-*1,- ( +*0/*1% ( +*0%*1/�     (8) 

where three parameters for a solid *0,-, *0/, and *0% can be determined by solving the equation 

for three liquids for which the surface tension parameters *1,-, *1%, *1/ and contact angle with 

the solid 5 are known. These liquids should be either polar with different parameters, or a 

combination of one apolar (such as diiodomethane, with *1%= *1/=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.  

 

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. 

Peaks 

25 W 100 W 

Binding Energy  

eV 

Atomic fraction  

% 

Binding Energy  

eV 

Atomic fraction  

% 

Zn 2p 1022 - 1022 0.1 

O 1s 533 22.8 533 12.2 

N 1s 400 0.9 400 0.6 

C 1s 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. C1s 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 – 

O, C = O and 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 values of γsl, and the 

apparent contact angle, θ. Examination 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 change. Calculated 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 angles θ for polyterpenol 

films deposited at varied RF powers.  

Solvent γ γLW γAB γ+ γ- 
Initial contact angle θ ° 

10 W 25 W 50 W 100 W 

Water 72.8 21.8 51.0 25.5 25.5 62.7 68.7 71.7 76.3 

Ethylene glycol 48.0 29.0 19.0 1.9 47.0 60.1 58.8 58.6 59.0 

Glycerol 64.0 34.0 30.0 3.9 57.4 73.0 73.1 69.5 69.8 

DIM  50.8 50.8 0.0 0.0 0.0 38.2 38.1 37.8 37.9 

Formamide 57.5 38.5 19.0 2.3 39.6 53.2 56.1 58.9 61.6 

DMSO 43.6 35.6 8.0 0.5 32.0 31.2 35.8 29.5 38.0 

Hexane 18.4 - - - - - - - - 

Chloroform 27.3 - - - - - - - - 

Ethanol 22.4 - - - - - - - - 

Acetone 24.0 - - - - - - - - 

For solvents such as water, glycerol, DIM, and formamide, the contact angle decreased with 

time from its observed value at t=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). 

  γLW γAB γS 

10 W 28.5 9.4 37.9 
25 W 30.0 7.1 37.0 
50 W 31.9 5.9 37.7 
100 W 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 25 W 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, disperse γLW and polar γAB fractions of the surface tension of polyterpenol 

samples were determined by plotting the measured contact angles for all liquids and fitting a 
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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 fraction γLW and acid-base fraction γAB as a function of fabrication 

power. Lower power samples were characterized by lower γLW and higher γAB 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 value γS 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). 

Sample 
Liquid 
combination γLW γ+ γ− γS 

10 W 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 

25 W 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 

100 W 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-

donor γ− and electron-acceptor γ+ 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 γLW γ+ γ− γS 

10 W 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 
25 W 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 DIM:EG: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 9.85 224.45 -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 fraction γ− of the surface tension was significantly 

lower than the electron-acceptor γ+ 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 for *"% parameter for which the solubility of the solute 

1 in solvent 2 will occur: 

*"�ABA �  
+*",- � .*�,-�� (  2
+*�/*�% �  +*"%*�/�     (4) 

Assuming *",-≈ 40.6 mJ/m2 for polyterpenol material and *�,-, *�/, *�%  literature values for 

water (Table V.2.2), the polymer will become water-soluble at *"% > 28.48 mJ/m2. For samples 

deposited at 10 W, calculations using VCG method for two out of four solvent combinations 

produced *"%> 28.48 mJ/m2 indicating 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 solvent. The *"% decreased significantly 

for polymers deposited at higher RF power, with all polymers deposited at 25 W or above 

having *"% < 28.48 mJ/m2, 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 ∆E"�"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 γLW of 40.6mJ/m2 for the polymer, making it impossible to 

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

Solubility ∆G121 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 solvents (∆G121 > 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 routine. ∆G121 > 0 confirms that ethanol could be used as sterilization agent for 

polyterpenol thin films. 

Table V.2.7. Solubility ∆G121 of polyterpenol films in various solvents based on surface tension 

components from VCG; OWRK; and Neumann approaches. 

Solvent 
γS method of 

acquisition 

10 W 25 W 50 W 100 W 

A1 B2 A B A B A B 

Water DIM:W:EG 4.9 4.9 -17.1 -17.1 -27.4 -27.4 -41.4 -41.4 

 
DIM:W:G 5.2 5.2 -16.2 -16.2 -32.9 -32.9 -46.6 -46.6 

 
DIM:W:F -12.0 -12.0 -25.9 -25.9 -31.3 -31.3 -42.1 -42.1 

 
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 

glycol 

DIM:W:EG -14.2 -14.1 -20.4 -20.3 -23.1 -23.0 -26.5 -26.5 

DIM:W:G -13.8 -14.1 -19.4 -20.4 -28.5 -21.5 -31.7 -23.4 

 
DIM:W:F -31.1 -14.6 -29.1 -18.9 -26.9 -22.1 -27.1 -26.2 

 
DIM:W:DMS -30.0 -14.7 -26.9 -19.4 -31.9 -19.9 -28.7 -25.4 

 
Owens -28.0 

 
-24.3 

 
-25.5 

 
-24.1 

 

 
Neumann -44.6 

 
-35.4 

 
-31.3 

 
-26.2 

 
Glycerol DIM:W:EG -24.6 -24.2 -32. 9 -31.9 -28.2 -35.4 -31.7 -40.1 

 
DIM:W:G -24.2 -24.2 -31.9 -32.0 -33.7 -33.8 -36.9 -36.9 

 
DIM:W:F -41.5 -24.2 -41.6 -30.2 -32.1 -34.4 -32.3 -39.8 

 
DIM:W:DMS -40.4 -24.4 -39.4 -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 γS method of 10 W 25 W 50 W 100 W 
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acquisition 

Formamide DIM:W:EG 6.9 -7.6 -6.0 -14.8 -13.7 -18.0 -21.2 -22.0 

 
DIM:W:G 7.2 -7.5 -5.0 -14.7 -19.1 -17.3 -26.4 -20.0 

 
DIM:W:F -10.0 -10.1 -14.7 -14.6 -17.5 -17.6 -21.9 -21.8 

 
DIM:W:DMS -9.0 -10.1 -12.5 -14.9 -22.5 -16.3 -23.5 -21.3 

 
Owens -6.9 

 
-9.9 

 
-16.1 

 
-18.8 

 

 
Neumann -23.6 

 
-21.0 

 
-21.9 

 
-20.9 

 
DMSO DIM:W:EG 12.6 -1.3 0.6 -6.2 2.8 -8.0 -7.2 -10.2 

 
DIM:W:G 12.9 -1.2 1.6 -6.1 -2.6 -7.2 -12.4 -7.9 

 
DIM:W:F -4.3 -3.3 -8.1 -5.7 -1.1 -7.5 -7.9 -10.0 

 
DIM:W:DMS -3.3 -3.3 -6.0 -6.0 -6.1 -6.0 -9.5 -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 9.9 7.2 7.2 4.3 4.3 

 
DIM:W:G 18.2 18.2 10.8 10.8 1.8 1.8 -0.9 -0.9 

 
DIM:W:F 1.0 1.0 1.1 1.1 3.4 3.4 3.6 3.6 

 
DIM:W:DMS 2.0 2.0 3.3 3.3 -1.6 -1.6 2.0 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 
γS method of 

acquisition 
10 W 25 W 50 W 100 W 

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, 2 Derived 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 as 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 communicated as Bazaka, K., Jacob, M. V., 

Investigation of electrical conduction in plasma polymerised polyterpenol thin films.  

Section VI.3 investigates in 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 as Bazaka, 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 as 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 low-k 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 resonator. Journal 

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 the Ψ, and ∆ ellipsometric data 

collected for φ = 55º, 60º, and 65º 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 permittivity (k) 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 VI.1.1).  

 

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) where hf is sample thickness, fS  and 
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ff  resonant frequencies of the SPDR with bare and coated substrates respectively, Ks is a 

parameter evaluated for a number of εf and hf using the Rayleigh–Ritz technique. 

εF � 1 ( FG% FH
�HF=I=
JH,�H�         (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. 

Material  
Thickness 

(µm) 

Frequency 10 GHz  Frequency 20 GHz 

Permittivity 

(εf) 

Loss tangent 

(tan δf) 

Permittivity 

(εf) 

Loss tangent 

(tan δf) 

Quartz 190 3.69  8.28 × 10−5 3.82 2.10 × 10−4 

Polymer on quartz 

25 W 4.91 2.32 2.48 × 10−2 2.65 2.54 × 10−2 

75 W 5.02 2.83 9.19 × 10−3 

100 W 4.78 2.53 5.02 × 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 coefficients K is smaller 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 approximately 1 µm in thickness) [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 SiO2 insulating 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 constant (k 

< 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− and high−k 

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 pressure of 10−6 Torr 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 constant, εr, of the polyterpenol 

thin films. DC I–V measurements were performed on the MIM structures with an effective area 

of 2.5 × 10−5 m2 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 I−V and impedance spectroscopy measurements, respectively. 

The discrepancy in dielectric constants is attributed to the frequency dependence of the material 

parameter, including parasitic capacitance.   

2 10-9

4 10-9

6 10-9

8 10-9

1 10-8

1.2 10-8

1.4 10-8

1.6 10-8

1 10 100 1000 104 105

10 W
15 W

50 W
100 W

25 W

C
a

pa
ci

ta
nc

e
, F

Frequency, Hz  

0

5

10

15

20

1 10 100 1000 104 105

10 W
15 W

50 W
100 W

25 W

R
e

la
tiv

e 
pe

rm
itt

iv
ity

, ε r
Frequency, Hz  

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 mm2). b. Relative 

permittivity as a function of frequency. 

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

Sample 
Relative permittivity εr 

1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 

10 W 15.23 4.21 3.90  3.86  3.83  3.75  

15 W 15.21 4.34 4.01  3.95  3.88  3.76  

25 W 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 standard I−V  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 4.2 108 V/m). For all tested devices, the measured I–V 

dependence of polyterpenol demonstrated low current over a wide range of applied voltage. The 

observed J−V characteristics of the polyterpenol devices at room temperature are depicted in 

Figure VI.2.2. Independent of polyterpenol deposition conditions, the J−V curves approximate 
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the same shape. Each curve implies two different conduction processes, according to the power 

law J ∝ Vn, n being the power law index, with different slopes n evident in the lower and higher 

voltage regions [407]. In the low voltage region, the current density J exhibits an approximately 

ohmic dependence with the applied voltage V, with slopes of 0.80<n<0.94. As the applied 

potential exceeds 2.5 V, the slope of the graph n is found to lie in 2.27−2.38, indicating a non-

ohmic conducting mechanism.  
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Figure VI.2.2. Current density (J) −Voltage (V) 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 plots of (J –V) in the forward direction are 

analysed. For space charge limited conduction, double log plot of the form ln J−ln V should 

provide a linear characteristic, whereas Schottky and Poole–Frenkel mechanisms will be 

indicated by a linear dependence with a positive slope of ln J – V 0.5 plot. Furthermore, the 

dependence of current density J on film thickness d for the samples of different thickness at a 

constant voltage can aid in differentiation between the types of the electronic conduction. The 

dependence of J on d is described by the relation J ∝ d -l, with l being a parameter dependent on 

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

conduction, whereas l ≥ 3 signifies the possibility of space charge limited conduction.  
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Figure VI.2.3. Variation of ln J with square root of applied voltage V (a) and ln V (b) for 

polyterpenol thin films (thickness d = 350 nm). In (a), linear fitting produces slope of 

approximately 2.05 and R > 0.997.  
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In the present case, the ln J − V0.5 plot graph is evidently more linear compared to ln J−ln 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 density J on the 

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]: 

K � KLexp P�QR/'%S
TA U          (1) 

where J0 is the low field current density, F the applied electric field, k the Boltzmann constant, T 

the absolute temperature, β the coefficient of the static electric field, and V the 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 coefficient β are 

known as βS and βPF  in the case of Schottky and Poole–Frenkel conductions, respectively, and 

can be defined as [411]: 

WXY � 2WZ � 2 P [\
]�J^J$U"/�

        (2) 

where e is the electronic charge, ε0 the permittivity of free space, εr the dielectric constant of the 

bulk polymer material at high frequencies. Calculated theoretically, βS and βPF can facilitate 

differentiation between the Schottky and Poole–Frenkel mechanisms by comparing these values 

to experimentally determined β coefficient. The following relation was used to determine βexp: 

W_`a � 4bcd"/�         (3) 

where s is the slope of the linear section of ln J−V1/2 characteristic: 

4 � ∆ ef g
∆ ef hR/'          (4) 

The experimental values for β 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 value of βexp does not change 

significantly, thus confirming previous findings of small variability in εr with deposition power. 

It is also evident that the experimental values closely match the theoretically calculated 
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Schottky coefficient βS. 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 experimental β coefficients (film 

thickness d ≈ 120 nm) 

 Slope s βexp βS,  βPF 

10 W 2.02 1.72 × 10−5 2.25 × 10−5 4.51 × 10−5 

15 W 2.08 1.75 × 10−5 2.27 × 10−5 4.54 × 10−5 

25 W 2.12 1.75 × 10−5 2.27 × 10−5 4.54 × 10−5 

50 W 2.02 1.82 × 10−5 2.27 × 10−5 4.53 × 10−5 

100 W 2.03 1.76 × 10−5 2.26 × 10−5 4.53 × 10−5 

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

i � Pj
k U�
�           (5) 

where ρ is the resistivity of the material, A the device surface area, d the thin film thickness, V 

measured voltage, and I measured current. The resistivity for all samples are in the order of 

108−109 Ωm (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 

conductivity σ 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. 

 εr βexp σ, S/cm 

10 W 3.84 1.716 × 10−5 8.21 × 10−10 

15 W 3.90 1.746 × 10−5 10.0 × 10−10 

25 W 4.24 1.750 × 10−5 1.12 × 10−9 

50 W 4.20 1.819 × 10−5 1.47 × 10−9 

100 W 4.39 1.760 × 10−5 1.52 × 10−9 
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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 constant, εr, was 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. Iodine doping was 

carried out in situ, which led to significant change in the chemical structure of the film. Iodine 

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 × 10−8 S/cm to 7.74 × 10−7 S/cm and 1.20 × 10−6 S/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 Forum 2010, 654-656, 1764-1767. 
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VI.3.1Introduction 

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]. Iodine 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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Figure VI.3.1. Plasma polymerisation setup.
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1. RF energy (13.56 MHz) was delivered into the deposition chamber by means 

of capacitively coupled copper electrodes. Substrates (superwhite glass slides and KBr pallets) 

were cleaned according to the procedure detailed elsewhere [336]. The cleaned glass substrates 

were then placed into the deposition chamber and flushed with argon for 1 minute to produce an 

free surface. 1 ml of Terpinen-4-ol monomer was used for every deposition. The films 

were fabricated at room temperature, pressure of 100 mTorr and RF power of 25 W. 

doping was performed by releasing the iodine vapours into the deposition chamber using the 

dopant inlet along with the monomer. Thickness, roughness and optical properties of the doped 

and pristine samples deposited on glass substrates were examined through variable angle 

spectroscopic ellipsometry (model M-2000D, J.A. Woollam Co. Inc.) and UV

2048 spectrometer, Avalight-DHc light source). FTIR spectra of samples 
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and ethylene glycol (Sigma Aldrich). The average contact angle for each liquid was used to 

calculate the surface free energy and its components, based on the Lew

measurements, MIM structures were prepared by depositing aluminium 

electrodes via thermal evaporation using a custom made shadow mask placed beneath the 
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measurements, MIM structures were prepared by depositing aluminium 

electrodes via thermal evaporation using a custom made shadow mask placed beneath the 
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VI.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. 

 

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 (1380 cm-1) and 

methylene/methyl (1450 cm-1) 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 600-500 cm-1 region of the 

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

into the backbone of the polymer.  

 

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. Therefore, in situ 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 (cm-1) 
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 coefficients (Ψ, ∆) 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 between Rp and Rs Fresnel coefficients (for the p- and s- polarizations respectively) 

and the complex reflection coefficient (ρ) can be expressed through: 

i � lm
l= � tan
Ψ� ?6r � s�ms

|�=| ?6r         (1) 
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where rp and rs are complex Fresnel coefficients, ∆ a phase shift between s and 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-square error values 

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. 

 

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: 

	�
�� � �?%Puvuw
x U'

� �?%Puyuw
x U       (2) 
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where A is the amplitude, σ  the full width at half maximum, and En 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.  

 

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]: 

��� � �
�� � ����          (4) 

where α is the absorption coefficient, hν the photon energy, B a constant dependant on the 

length of localized state tails, and n is determined by the nature of the electronic structure of the 

material, and Eg the optical band gap [98]. Parameter n can take values of ½ for direct and 2 for 

indirect transition; the n 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 constants (n, 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 (αhν)2 and (αhν)1/2 as a function of photon energy (hν) 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.  

  

Figure VI.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 bonds D0 and hydrogen atoms 
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of polyterpenol chain, and the generation of an additional dangling bond state D+ [335]. 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. 

Sample type Band gap, eV 

Direct allowed 

transition energy gap, 

eV 

Indirect allowed 

transition energy gap, 

eV 

Pristine polyterpenol 3.33 3.44 2.81 

Iodine doped I 2.51 2.93 1.85 

Iodine doped II 2.29 2.61 1.64 

Iodine doped II annealed 

to 100 °C for 5 h 
2.48 2.82 1.74 

 

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 



 

polyterpenol films fabricated under similar RF power conditions possess two distinct regimes of 

thermal decomposition, with the first regime commencing at approximately 100 

characterized by minor thickness reduction attributed to desorption of low molecular weight 

species and recombination of free trapped radicals 

slightly more pronounced weight loss over the same temperature range, as demonstrated in 

Figure VI.3.7a. Doped polyterpenol were subjected

absorption spectrum recorded, as presented in 

allowed transition band gap increased slightly, from 1.64 eV pre

annealing, the increase was attributed to desorption of loosely bonded iodine atoms from the 

surface of the film, similar to 

Subsequent heat treatment at 100°C of these samples did not result in any further change in the 

band gap, an indication that the change in the optical 

was stable and permanent, and is the result of iodine atoms being incorporated into the structure 

of the polymer.  

Figure VI.3.8. Band gap, direct allowed and indirect allowed transition energies of iodine 

doped polyterpenol thin films heat treated at 100 °C for 5 hours.

Unlike pristine polyterpenol films that remain relatively s

properties up to 250 °C, iodine doped samples commence second regime of decomposition at 

around 200 °C with a significant increase in refractive index, as shown in 

discussed earlier, integration of iodine into the polyterpenol structure was likely to involve H 

abstraction and formation of highly reactive iodine oxidants. Increased temperature

with light-induced homolytic dissociation of iodine would enhance the mobility and reactivity 
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Subsequent heat treatment at 100°C of these samples did not result in any further change in the 
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discussed earlier, integration of iodine into the polyterpenol structure was likely to involve H 
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thermal decomposition, with the first regime commencing at approximately 100 °C and 
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slightly more pronounced weight loss over the same temperature range, as demonstrated in 
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treatment to 1.74 eV post-

annealing, the increase was attributed to desorption of loosely bonded iodine atoms from the 

iodine doped plasma polymerised polyaniline [426]. 

Subsequent heat treatment at 100°C of these samples did not result in any further change in the 

properties of iodine doped polyterpenol 

and permanent, and is the result of iodine atoms being incorporated into the structure 

 

Band gap, direct allowed and indirect allowed transition energies of iodine 

in terms of their optical 

properties up to 250 °C, iodine doped samples commence second regime of decomposition at 

a significant increase in refractive index, as shown in Figure VI.3.7b. As 

discussed earlier, integration of iodine into the polyterpenol structure was likely to involve H 

abstraction and formation of highly reactive iodine oxidants. Increased temperature combined 

induced homolytic dissociation of iodine would enhance the mobility and reactivity 
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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 β-position which is a common thermal degradation pathway in cross-linked and 

branched plasma polymers. 

VI.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 VI.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, the J–V curve for the device containing 

pristine polyterpenol is distinct.  
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Figure VI.3.9. Current density, J, 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 instance, n ≥ 2 generally indicates a possibility of space 
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charge limited conduction mechanism. A linear dependence of ln J−ln V also suggests this 

mechanism, whereas a linear dependence of ln J−V0.5 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 form J ∝ d−l , where l is a 

parameter associated with the trap distribution and should be l ≥ 3 in the presence of traps. On 

the other hand, if Poole-Frenkel conduction or Schottky emission is assumed, the current 

density should obey log J ~ d-1/2 at a fixed voltage. The general expression for both Schottky 

and Poole–Frenkel type conductions is [410]: 

K � KLexp P�QR/'%S
TA U          (1) 

where J0 is the low field current density, F the applied electric field, k the Boltzmann constant, T 

the absolute temperature, β the coefficient of the static electric field, and V the 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 coefficient β are 

known as βS and βPF  in the case of Schottky and Poole–Frenkel conductions, respectively, and 

can be expressed as [411]: 

WXY � 2WZ � 2 P [\
]�J^J$U"/�

        (2) 

where e is the electronic charge, ε0 the permittivity of free space, εr the dielectric constant of the 

bulk polymer material at high frequencies. By comparing theoretical βS and βPF with 

experimentally attained β coefficient, Schottky and Poole–Frenkel mechanisms can be 

differentiated. The following relation was used to determine βexp: 

W_`a � 4bcd"/�         (3) 

where s is the slope of the linear section of ln J−V1/2 characteristic: 

4 � ∆ ef g
∆ ef hR/'          (4) 

In the low field region of 0–2.5 V, the J–V characteristic of pristine polyterpenol can be 

described by a power law relation, where J ∝ Vn, and n = 0.94. Such value of n indicates an 

approximately Ohmic conduction mechanism. Exceeding 2.5 V, the value of n is 2.05 and 4.68 

for 2.5−10 V and 10−20 V applied voltage, respectively, indicating non-Ohmic charge transport 

for these regions. Although n > 2 suggests a possibility of space charge limited conduction, 

fitting the J-V data, the relationship is more linear in ln J−V0.5 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 parameter l of less 

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 to J–V curves in the high field region for pristine and iodine doped polyterpenol.  

Then, the experimental values for βexp were determined as 1.44 × 10−5 and 

4.32 × 10−5 eV m1/2 V−1/2 for 2.5−10 V and 10−20 V, respectively. Using the dielectric value 

εr = 2.8 obtained at high frequencies using spectroscopic ellipsometry, βS and βPF were calculated 

as 2.27 × 10−5 and 4.54 × 10−5 eV m1/2 V−1/2, 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, the J-V curves of lightly 

doped samples were also described by the power law relation J ∝ V n 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 J ∝ V n, 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 ln J−ln V in this region is more linear compared to ln J−V 0.5, advocating 

in favour of space charge limited conduction.      

The conductivity of the samples was also determined as a reciprocal of resistivity ρ calculated 

as: 

i � Pj
k U�
�           (5) 

where ρ is the resistivity of the material, A the device surface area, d the thin film thickness, V 

measured voltage, and I measured current. Doping increased the conductivity from 5.05 × 10−8 

S/cm to 7.74 × 10−7 S/cm and 1.20 × 10−6 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 height (Rmax), surface skewness 

(Rskw) and coefficient of kurtosis (Rkur) 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 values of Rskw and Rkur indicate a 

disproportionate number of peaks and a well spread out height distribution for the surface. The 

average roughness (Ra) and RMS (Rq) parameters of iodine doped films were found to be 

similar to the values for pristine polyterpenol, 0.42 nm and 0.56 nm for Ra and Rq 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. 

Sample 
Contact angle, [°] Surface tension fractions, [mJ m-2] 

Water Glycerol DIM γ LW γ + γ - γ S 

pristine 68.67 71.63 38.12 40.54 0.26 19.82 45.08 

doped 61.59 47.05 28.42 23.87 5.56 14.15 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. Iodine doping was 

carried out in 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 × 10−8 S/cm to 7.74 × 10−7 S/cm and 1.20 × 10−6 S/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. Iodine 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 published as Jacob, 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 VII.2, the active 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 in Bazaka, 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/C60/Alq3/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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VII.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 namely 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 cm2/Vs. The switching property of the polyterpenol 

based OFET was also improved; 107 compared to 104. 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 
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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 (OFETs) 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, high-k metal oxide, thin polymer/thick 

high-k 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 namely polyterpenol was 

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 current–voltage (I–

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 SiO2 layer 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 VII.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 (SiO2) layer.  Si substrate pre-coated with gold thin-film on 

one side and 100 nm SiO2 on 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 incidence (φ = 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 500–1000 nm range assuming the films are 

optically transparent within this region (k approximates 0) and the film is homogenous, and 

using the thickness estimated obtained by means of UV–vis 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 



 

architecture of polyterpenol films was investigated using atomic force microscope (AFM) (NT

MDT NTEGRA Prima) to evaluate the topographical properties of the surfaces over scales 

ranging from angstroms to microns. The non

order to minimize the damage to the surface of the films. Multiple scans of randomly chosen

areas were performed on each sample to ensure the accuracy of characterizations. The fabricated 

samples exhibited very smooth surface with average surface roughness of 0.4
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architecture of polyterpenol films was investigated using atomic force microscope (AFM) (NT

Prima) to evaluate the topographical properties of the surfaces over scales 

ranging from angstroms to microns. The non-destructive semi-contact AFM mode was used in 

order to minimize the damage to the surface of the films. Multiple scans of randomly chosen

areas were performed on each sample to ensure the accuracy of characterizations. The fabricated 

samples exhibited very smooth surface with average surface roughness of 0.4

b)

. (a) Molecular structure of terpinen-4-ol, and (b) schematic view of OFET with 

2.2 MIM and OFET fabrication 

MIM structure was fabricated using the polymer thin-film. For the MIM structure, a 300 nm 

film was sandwiched between ITO and 8 nm thick gold electrodes.  In 

addition to the MIM structure, for the electrical characterization top-contact pentacene OFETs 

were fabricated, as shown in Figure VII.1.1(b). Heavily-doped Si wafers with a 100 nm thick 

insulating layer were used as the base substrate for fabricating the 

OFET structures. Polyterpenol thin-film with a thickness of 100nm was deposited onto the 

silicon dioxide surface. Pentacene (Tokyo Kasei Kogyo Co., Japan) without further purification 

e source for the thin-film of thickness 100 nm deposited on top of the 

polyterpenol film. During the deposition of pentacene, the pressure was kept at less than 10

and the deposition rate was fixed at 3 nm/min, monitored using a quartz crystal microbalance.  

Gold electrodes (source and drain electrodes) with a thickness of 100 nm were deposited on the 

film surface using a custom made mask so that a channel length (L) of 50 

and width (W) of 3 mm were obtained. Keithley 2400 Source Meter was used for the I

measurements of the MIM or the OFET structures. The DC bias voltage was varied from 40 V 

40 V. The impedance measurements were carried out using Solartron 1260 Impedance 

Analyzer. MIM samples were tested in the range of 1 MHz to 1 Hz with 10 points per decade 

architecture of polyterpenol films was investigated using atomic force microscope (AFM) (NT-

Prima) to evaluate the topographical properties of the surfaces over scales 

contact AFM mode was used in 

order to minimize the damage to the surface of the films. Multiple scans of randomly chosen 

areas were performed on each sample to ensure the accuracy of characterizations. The fabricated 

samples exhibited very smooth surface with average surface roughness of 0.4 nm, as described 
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Gold electrodes (source and drain electrodes) with a thickness of 100 nm were deposited on the 
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measurements of the MIM or the OFET structures. The DC bias voltage was varied from 40 V 

ut using Solartron 1260 Impedance 

Analyzer. MIM samples were tested in the range of 1 MHz to 1 Hz with 10 points per decade 
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with AC signal amplitude of 0.5 V. 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 

equation αhν = B (hν − Eg) 
n, where α is the optical absorbance, ν is the frequency of light, and 

n and B are factors dependent on the type of transition and the length of localized state tails, 

respectively. For n value of 2, the Eg was 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 200–1000 nm. The refractive index of the films was estimated from the 

ellipsometric data collected at three different angles of incidence (φ = 55°, 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 where k 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.   



 

Figure VII.1.2. The refractive index and extinction coefficient of 100 nm thick polyterpenol 

thin-film. 

c. Surface potential:  

The Kelvin probe is a non

capacitor and is used to investigate surface and bulk properties of materials. It measures the 

work function difference, or for non

specimen and a vibrating tip. The work function is an extremely sensitive indicator of surface 

condition and is affected by adsorbed or evaporated layers, surface reconstruction, surface 

charging, oxide layer imperfections, and surface and bulk contamina

Figure VII.1.3. The surface potential of polyterpenol thin

substrate; and the schematic view of the measurement setup (inset)
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. The refractive index and extinction coefficient of 100 nm thick polyterpenol 

is a non-contact, non-destructive measurement device based on a vibrating 

capacitor and is used to investigate surface and bulk properties of materials. It measures the 

work function difference, or for non-metals, the surface potential, between a conductin

specimen and a vibrating tip. The work function is an extremely sensitive indicator of surface 

condition and is affected by adsorbed or evaporated layers, surface reconstruction, surface 

charging, oxide layer imperfections, and surface and bulk contamination.  

 

. The surface potential of polyterpenol thin-film deposited on ITO coated glass 

substrate; and the schematic view of the measurement setup (inset). 

. The refractive index and extinction coefficient of 100 nm thick polyterpenol 

destructive measurement device based on a vibrating 

capacitor and is used to investigate surface and bulk properties of materials. It measures the 

metals, the surface potential, between a conducting 

specimen and a vibrating tip. The work function is an extremely sensitive indicator of surface 

condition and is affected by adsorbed or evaporated layers, surface reconstruction, surface 

film deposited on ITO coated glass 



 

We have measured the surface potential of 

Figure VII.1.3(a) shows the surface potential of the polyterpenol measured at room temperature 

under vacuum, then heated to 80 °C and then cool

between these three measurements is very small which substanti

polyterpenol incorporated device under varying temperatures. 

deposited polyterpenol film adheres well to the surface of ITO and is very s

d. Surface morphology and surface energy:

Figure VII.1.4 shows the surface profile of the polymer thin

force microscope (AFM). 

roughness Ra is less than 0.4 nm. The roughness parameters obtained for polyte

are summarised in Table

nanoindentation probe used in conjunction with AFM. The estimated hardness value of 

polyterpenol is 0.4 GPa.  

Figure VII.1.4. The surface profile of the poly

Table VII.1.1. Surface energy fractions and roughness parameters of polyterpenol thin

Surface free energy fractions

γLW γAB γ+ 

40.5 5.4 0.4 

Contact angle data collected for 6 different liquids was then used to calculate surface energy 

fractions for polyterpenol films using Van Oss, Chaudhury, an

were in agreement with previous studies that found polyterpenol to be strongly monopolar, with 
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We have measured the surface potential of a 100 nm thick polyterpenol sample deposite

3(a) shows the surface potential of the polyterpenol measured at room temperature 

under vacuum, then heated to 80 °C and then cooled down to room temperature. The difference 

between these three measurements is very small which substantiates stable

polyterpenol incorporated device under varying temperatures. These results also suggest that as

film adheres well to the surface of ITO and is very s

d. Surface morphology and surface energy: 

4 shows the surface profile of the polymer thin-film investigated using atomic 

force microscope (AFM). The surface is very smooth, without any pinholes, and the average 

is less than 0.4 nm. The roughness parameters obtained for polyte

Table VII.1.1. The hardness was measured using the Hysterion 

nanoindentation probe used in conjunction with AFM. The estimated hardness value of 

 

. The surface profile of the polyterpenol thin-film (AFM). 

Surface energy fractions and roughness parameters of polyterpenol thin

e energy fractions (mJ/m2) Roughness parameters 

 γ– γTOT Ra, nm Rq, nm Rmax, nm

 20.6 45.9 0.42 0.52 5.3 

Contact angle data collected for 6 different liquids was then used to calculate surface energy 

fractions for polyterpenol films using Van Oss, Chaudhury, and Good method 

were in agreement with previous studies that found polyterpenol to be strongly monopolar, with 

polyterpenol sample deposited ITO. 

3(a) shows the surface potential of the polyterpenol measured at room temperature 

down to room temperature. The difference 

able operation of the 

These results also suggest that as-

film adheres well to the surface of ITO and is very stable.   

film investigated using atomic 

The surface is very smooth, without any pinholes, and the average 

is less than 0.4 nm. The roughness parameters obtained for polyterpenol thin-films 

hardness was measured using the Hysterion 

nanoindentation probe used in conjunction with AFM. The estimated hardness value of 

Surface energy fractions and roughness parameters of polyterpenol thin-films. 

, nm Rskw Rkur 

0.6 0.71 

Contact angle data collected for 6 different liquids was then used to calculate surface energy 

d Good method [393]. The results 

were in agreement with previous studies that found polyterpenol to be strongly monopolar, with 



 

significantly larger electron

contact angle of 68 ° indicated that the polyterpenol thin

Previous studies have shown that higher RF input power during deposition can be used to 

increase the hydrophobicity of polyterpenol samples 

VII.1.3.2 The DC I–V characteristics as an insulating layer of MIM elements 

Standard I–V measurement can be used to illustr

phenomena in solids. The measured I

MIM structure exhibits low current over a wide range of applied external fields

shows the applied electric field dependence

Figure VII.1.5. (a) Current voltage measurement on MIM structure and (b) its analysis as a 

Schottky injection. 

When the MIM device is exposed to the electric field, carriers are injected into the polyterpenol 

film from the metal electrode

accounts for the I–V characteristics, as plotted in 

log scale. In more detail, t
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significantly larger electron-donor fraction γ– compared to electron-acceptor fra

contact angle of 68 ° indicated that the polyterpenol thin-films were moderately hydrophilic. 

Previous studies have shown that higher RF input power during deposition can be used to 

increase the hydrophobicity of polyterpenol samples [347]. 

V characteristics as an insulating layer of MIM elements 

V measurement can be used to illustrate steady-state carrier injection and transport 

phenomena in solids. The measured I–V dependence (see Figure VII.1.5(a)) of polyterpenol 

MIM structure exhibits low current over a wide range of applied external fields

tric field dependence.  

. (a) Current voltage measurement on MIM structure and (b) its analysis as a 

is exposed to the electric field, carriers are injected into the polyterpenol 

electrode. The thermionic emission (or Schottky injection) [16] 

V characteristics, as plotted in Figure VII.1.5(b) by a linear line using semi

log scale. In more detail, the electrode-film interface can be described by a carrier 

∆Φ (difference between Fermi energy of the electrode 

occupied molecular orbital level of the film). The thermionic emission (or Schottky injection) 

[16] and the current density on the metal-organic interface J0 can be described by the relation:


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films were moderately hydrophilic. 

Previous studies have shown that higher RF input power during deposition can be used to 

V characteristics as an insulating layer of MIM elements  

state carrier injection and transport 

5(a)) of polyterpenol 

MIM structure exhibits low current over a wide range of applied external fields, but it clearly 
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is exposed to the electric field, carriers are injected into the polyterpenol 

. The thermionic emission (or Schottky injection) [16] process 

5(b) by a linear line using semi-

interface can be described by a carrier injection 
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). The thermionic emission (or Schottky injection) 

can be described by the relation: 
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where β, A, T, and kB are the Schottky parameter ( re επε=β 0
3 4/ ), the Richardson constant, 

temperature, and the Boltzmann constant, respectively.  The I–V characteristics of the MIM 

device satisfy the relation of Eq. (1), and we obtain the relative dielectric constant of 

polyterpenol of 3.4 from the slope. This value is comparable with other polymers, such as 

poly(methyl methacrylate) [433,434] of 2.2 to 3. The polyterpenol keeps its insulating 

properties up to electric field of 1.3 MV/cm, this value is also comparable with other polymers 

[435].    

VII.1.3.3 The AC I–V characteristics as an insulating layer of MIM elements  

Steady-state I–V measurements exemplified the fundamental insulating behavior of 

polyterpenol thin-film. Hence, further detailed study of the dielectric properties of the material 

was carried out employing impedance spectroscopy as shown in Figure VII.1.6(a). Although 

polyterpenol film was investigated in the range of applied electric fields up to 1MV/cm, 

recorded impedance was kept unchanged (not shown here). This confirms that almost no charge 

was present in the bulk of the polyterpenol film and therefore verifies insulating nature of the 

polyterpenol thin-film. Based on the results of impedance spectroscopy experiments, an 

appropriate equivalent electric circuit was designed (see inset of Figure VII.1.6(a)) consisting of 

parallel polyterpenol film resistance and capacitance and a small parasite resistance in series. 

The resistance and capacitance of the polyterpenol thin-film was obtained by fitting the 

experimental data as illustrated in of Figure VII.1.6(a) and corresponding values are 404 MΩ 

and 0.31 nF respectively. These results correspond to resistivity of 2700 MΩm and relative 

dielectric constant of 5.2. The discrepancy in dielectric constants between the I–V and IS 

experiment attributes to the frequency dependence of the material parameter including parasitic 

capacitance.  

Without employing the equivalent circuit it is also possible to evaluate charge propagation 

through the polyterpenol film on the basis of frequency dependence of impedance phase shown 

in Figure VII.1.6(b). Single peak corresponding to single relaxation process is observed and its 

maximum value represents the reciprocal value of relaxation time. In this case relaxation time 

τ is identical with the transit time of the injected charge carrier across the film. Hence, in 

accordance with the time-of-flight method we can evaluate effective mobility µ,  using the 

transit time τdefined as 
V

d

µ
τ

2

= , where d is the film thickness, and V is the applied voltage. 

We obtained the mobility of ~10–8 cm2/Vs, which is in agreement with the already identified 

insulating behaviour of the polyterpenol film.  



 

Figure VII.1.6. (a) Z-plot of the impedance spectros

appropriate fit and (b) frequency dependence of impedance phase. Inset in (a) shows equivalent 

circuit used for data fitting.

VII.1. 3.4 Insulating layers as an OFET gate insulator

VII.1. 3.4.1 Transport properties

In order to understand the feasibility of employing the polyterpenol in organic devices we have 

manufactured an OFET as 

characteristics. From the transfer characteristics the threshold voltage 

the comparison purposes we have fabricated two OFETs, one with SiO

and the second one with polyterpenol as the insulating layer. As 

SiO2–pentacene OFET, the threshold voltage value esti

was 26 V. Significant shift in the threshold voltage was observed for the pentacene OFET with 

polyterpenol interlayer. The threshold voltage value is estimated as 

us circumstantial evidenc

interlayer. The surface potential measurements suggest that the polymer on metallic surface is 

positively charged of about 0.2

(see Figure VII.1.3). Due to the internal field generation at the polymer

the positive charges accumulated and 

ON and OFF state of the electronics device can be expressed by 

ON/OFF ratio. As is shown in 

the bare SiO2 surface and polyterpenol surface reached a value of 10

improvement of off state is usually

in electrostatic charge or permanent electric dipoles (spontaneous polarization). 
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plot of the impedance spectroscopy for bias voltage +20 V with 

appropriate fit and (b) frequency dependence of impedance phase. Inset in (a) shows equivalent 

circuit used for data fitting. 

3.4 Insulating layers as an OFET gate insulator 

3.4.1 Transport properties 

o understand the feasibility of employing the polyterpenol in organic devices we have 

manufactured an OFET as described in section 2.2, and investigated its transfer and output 

characteristics. From the transfer characteristics the threshold voltage Vt 

the comparison purposes we have fabricated two OFETs, one with SiO2 as the insulating layer 

and the second one with polyterpenol as the insulating layer. As Figure VII.1.

pentacene OFET, the threshold voltage value estimated from the transfer characteristic 

was 26 V. Significant shift in the threshold voltage was observed for the pentacene OFET with 

polyterpenol interlayer. The threshold voltage value is estimated as –3 V. This observation gives 

us circumstantial evidence about the presence of internal electric field due to polyterpenol 

The surface potential measurements suggest that the polymer on metallic surface is 

positively charged of about 0.2 V on ITO coated surface for 100 nm polymer thin

. Due to the internal field generation at the polymer-semiconductor interface 

the positive charges accumulated and assisted the threshold voltage shift

ON and OFF state of the electronics device can be expressed by the sub-threshold slope and the 

ON/OFF ratio. As is shown in Figure VII.1.7(b), on/off ratio for the OFET with pentacene on 

surface and polyterpenol surface reached a value of 104 and 10

improvement of off state is usually related to repulsive electrostatic fields which have an origin 

in electrostatic charge or permanent electric dipoles (spontaneous polarization). 
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7(b), on/off ratio for the OFET with pentacene on 

and 107 respectively. This 

related to repulsive electrostatic fields which have an origin 

in electrostatic charge or permanent electric dipoles (spontaneous polarization).  



 

Figure VII.1.7. Transfer characteristics of OFET with and without polyterpenol interlayer in (a) 

linear and (b) semi-log scale for estimation of threshold and sub

In order to study the effect of the polyterpenol interlayer, the output characteristics of the 

OFETs were recorded for the comparable applied voltage (V

and some of the selected results are shown in 

Figure VII.1.8. Output characteristics of OFET (a) without and (b) with polyterpenol interlayer. 

Applied voltage (i.e. Vgs–V

In contrast to OFET with pentacene on bare SiO

many researchers, OFET with polyterpenol interlayer exhibits small drain

as very low value of pinch

wide range of applied voltage. We have also observed an increase in the output hysteresis 

characteristics for the OFET with polyterpenol interlayer. For thorough understanding of the 

electric behavior of OFET we applied ana

the injection time in comparison with the transit time is m
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. Transfer characteristics of OFET with and without polyterpenol interlayer in (a) 

log scale for estimation of threshold and sub-threshold slope respectively

In order to study the effect of the polyterpenol interlayer, the output characteristics of the 

OFETs were recorded for the comparable applied voltage (Vgs–Vt) in the ran

and some of the selected results are shown in Figure VII.1.8.  

. Output characteristics of OFET (a) without and (b) with polyterpenol interlayer. 

V th) varies in range from –10 to –50 V for both OFETs

In contrast to OFET with pentacene on bare SiO2, whose behavior was already reported by 

many researchers, OFET with polyterpenol interlayer exhibits small drain-source current as well 

as very low value of pinch-off voltage (about –20 V) and very fascinatingly it is constant over a 

wide range of applied voltage. We have also observed an increase in the output hysteresis 

characteristics for the OFET with polyterpenol interlayer. For thorough understanding of the 

electric behavior of OFET we applied analysis based on the Maxwell–Wagner model 

the injection time in comparison with the transit time is much smaller (i.e. 

 

. Transfer characteristics of OFET with and without polyterpenol interlayer in (a) 

threshold slope respectively. 

In order to study the effect of the polyterpenol interlayer, the output characteristics of the 

) in the range of –10 to –50 V 

 

. Output characteristics of OFET (a) without and (b) with polyterpenol interlayer. 

OFETs. 

, whose behavior was already reported by 

source current as well 

cinatingly it is constant over a 

wide range of applied voltage. We have also observed an increase in the output hysteresis 

characteristics for the OFET with polyterpenol interlayer. For thorough understanding of the 

Wagner model [436]. If 

 hole injection energy 
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barrier on the metal-organic interface is small), the drain-source current will exhibit a wide 

saturation region in the form: 

( )2

2 tgsgds VV
L

W
CI −= µ

         (2) 

where Cg, W and L represent the gate capacitance per unit area, channel width and length. This 

relation denotes bulk-limited current because transport of the charge is determined by the space-

charge limited conditions (SCLCs) [432,437]. It is important to focus on the injection limited 

conditions. Eq. (2) is applicable only in the saturated region of SCLC caused by the 

accumulation process. If the time required for carrier transition is lower than the accumulation 

time, injected carriers are drained out without accumulation on the interface. This also 

corresponds to the positive potential on the gate insulator surface, which restricts the charge 

accumulation. This condition is expressed using the relation: 

sat
sat
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VV
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W
CI 




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

 −−=
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µ
        (3) 

where Vsat represents the pinch-off voltage when the current Ids is saturated (approximately –20 

V in this case). Knowledge about the charge transport limitation assists the precise evaluation of 

the mobility. Interestingly, addition of polyterpenol interlayer raises effective mobility from 

0.012 to 0.210 cm2/Vs. This increase can be assigned to lower charge accumulation on the 

pentacene-gate insulator interface and consequent contribution of the excess charge to the 

mobile charge.  

VII.1.3.4.2 Injection properties  

The displacement current measurement was performed in order to prove the charge injection 

phenomena in the OFET device. For this experiment top electrodes (source and drain) were 

electrically shorted and ramp voltage with amplitude of 50 V was applied to the gate electrode. 

The estimated normalized displacement current for selected frequencies was plotted in Figure 

VII.1.9.  
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isplacement current measurement of OFET (a) without and 

In this experiment displacement current Idisp reflects the change of induced charge Q(t) on 
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Application of this analysis on experimental data allows us to evaluate trapped charge on the 

gate insulator interface. For bare SiO2 surface the trapped charge flow is ~2 mC/m

and trapped charge was not present for polyterpenol interlayer. This supports our previous 

observation of the positively charged polyterpenol surface. It should be noted that small dip 

 

isplacement current measurement of OFET (a) without and (b) with 
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capacitance of the investigated structure, and is 
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stand for voltage amplitude and sweeping rate (α = 4f 

where f is frequency). This shows that the displacement current is sensitive to the carrier 

position which determines the capacitance. If carriers are injected to the OFET and accumulated 

the induced charge Q(t) changes and the total 
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Application of this analysis on experimental data allows us to evaluate trapped charge on the 

surface the trapped charge flow is ~2 mC/m2 

ot present for polyterpenol interlayer. This supports our previous 

observation of the positively charged polyterpenol surface. It should be noted that small dip 
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observed at the beginning of injection (at voltage of ~ 0 V) for OFET with polyterpenol 

interlayer has an origin in charge diffusion into the channel region, which actually decreases the 

current flowing the ammeter, that is, decreases the  effective pentacene film capacitance in time. 

The carriers’ diffusion-like motion is possible to observe due to polymer surface charge only, 

which reduces charge accumulation on pentacene-gate insulator interface. On the other hand, 

with bare SiO2 surface the carriers are strongly attracted to gate insulator and therefore the flow 

to the channel region is restricted. 

VII.1.4 Conclusion 

Polyterpenol thin-films of thicknesses ranging from 30 nm to 500 nm were fabricated using RF 

plasma polymerization. The plasma polymerization is a clean process and therefore it is safe to 

use the polymerization technique for the fabrication of insulating layer. For the MIM and OFET 

100 nm polyterpenol thin-films were used. The fabricated samples exhibited a very smooth 

surface with an average roughness less than 0.5 nm. The I-V characteristics were studied using 

the MIM structure and the thin-film showed insulating properties as expected.  However, the 

dielectric constant of the material was higher than the conventional polymer materials used in 

the organic electronic devices. The polymer thin-film was incorporated as an insulating layer 

over the silicon dioxide layer to understand the influence of the material in electronic circuits. 

We have used this approach to keep all parameters same for comparison but we will use 

polyterpenol layer without SiO2 in our future work. 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 cm2/Vs. This increase was assigned to lower charge 

accumulation on the pentacene-gate insulator interface and consequently the excess charge 

contribution to the mobile charge. The switching property of the polyterpenol based OFET was 

also improved; 107 compared to 104. Therefore polyterpenol is an excellent insulating material 

to improve the OFET output characteristics and is a potential candidate for full flexible organic 

electronic circuits.   
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VII.2  INTERFACIAL CHARGING AND DISCHARGING IN DOUBLE LAYER 
PENTACENE-BASED DEVICE WITH POLYTERPENOL BLOCKING LAYER 

Abstract 

Time-resolved electric field induced second harmonic generation technique was used to probe 

the carrier transients within double-layer pentacene-based MIM devices. Polyterpenol thin films 

fabricated from non-synthetic environmentally sustainable source were used as a blocking layer 

to assist in visualisation of single-species carrier transportation during charging and discharging 

under different bias conditions. Results demonstrated that carrier transients were comprised of 

charging on electrodes, followed by carrier injection and charging of the interface. Polyterpenol 

was demonstrated to be a sound blocking material and can therefore be effectively used for 

probing of double-layer devices using EFISHG. 

Keywords: EFISHG; dielectric; pentacene; polyterpenol 
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VII.2.1 Introduction 

Over the last two decades, organic materials and organic semiconducting devices have become 

a focus of intense research and advancement in academia and industry alike [438]. The 

significant commercial interest in organic electronics stems from their potential as building 

blocks for inexpensive and structurally flexible electronic devices, including radio frequency 

identification tags [439,440], smart cards [441], light emitting diodes [442,443], and flexible 

displays [444,445]. Organic field effect transistors (OFETs) have been demonstrated as a viable 

alternative to conventional devices for applications that require large area coverage, light 

weight, and low-temperature processing [446]. Recent improvements to the manufacturing 

process and modifications of the device structure allow for fabrication of OFETs with mobility 

comparable to that of amorphous silicon semiconductors. Mobilities over 1 cm2/V  s were 

recently reported for pentacene based OFETs [447] and others [448-450], with the former 

material being a popular choice for fabrication and performance evaluation of organic thin film 

devices.  

Although some prototype organic electronics devices are nearing the market deployment stage 

[451], our understanding of the fundamental carrier behaviours within these materials and 

devices remains limited. In spite of years of intense investigation and experimental and 

theoretical efforts devoted to realisation of high-performance OFETs, our knowledge of the 

charge transport and emission properties of organic semiconductors is yet to be sufficient for 

effective optimisation of the organic devices [452]. Techniques frequently employed to 

investigate physics of OFET devices, including capacitance–voltage (C–V) and Hall-effect 

measurements to estimate carrier density and carrier polarity, Kelvin-probe approach to evaluate 

potential profile along the channel, and optical second harmonic generation measurement 

(SHG) for the determination of electric field distribution within the channel, revealed the 

behaviour of OFETs to be significantly different from that of Si-based devices [453]. For 

instance, OFET operation has been found to be largely influenced by carriers injected from 

source and drain electrodes, with the carrier injection into the OFET depending on the work 

function of the metal electrodes. Other studies reported ambipolar characteristics in a broad 

range of polymer semiconductor FETs based on trap-free gate dielectrics [438]. Importantly, 

due to high voltage required to operate the OFET device efficiently, i.e., a voltage 

corresponding to an energy gap between HOMO and LUMO of organic semiconductor 

materials, and a hysteresis behaviour induced in the FET characteristics due to trapping of 

carriers injected from the source electrode, the organic materials of the OFET display dielectric 

characteristics, and hence should be also investigated from the standpoint of dielectric physics.  
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Owing to the complex nature of the multicarrier transportation and accumulation within organic 

devices, detection and visualisation of carrier motion within OFET devices is challenging. In 

addition to being influenced by the chemical structure of the active layer, the carrier behaviour 

is strongly affected by the processing conditions, device architecture, choice of electrode, and 

significantly, by the choice of an appropriate gate dielectric material [438]. Recently, a time-

resolved optical second harmonic generation (TR-SHG) has been demonstrated as an effective 

method for elucidation of carrier dynamics within OFET devices, including those based on 

pentacene. In this paper, in order to focus on the mechanism of carrier injection followed by 

accumulation at the interface between gate insulator and active layer of OFET devices, electron 

and hole transportation in a double-layer MIM device is investigated using the optical second 

harmonic generation approach. That is, in order to effectively resolve single carrier behaviour at 

the interface, particularly charge trapping and accumulation, a double-layer MIM with blocking 

layer (polyterpenol) is employed. Synthesised from non-synthetic terpinen-4-ol precursor using 

RF plasma polymerisation, polyterpenol thin films are smooth and defect free, with high spatial 

uniformity, good adhesion to substrates, and tunable chemical and physical properties. When 

used as a gate insulator, polyterpenol has been demonstrated to enhanced pentacene OFET 

effective mobility and improve the switching characteristics of the device [337]. As a 

transparent and stable coating with sound dielectric properties, polyterpenol is a suitable to be 

used as a blocking layer for the optical second harmonic generation measurement. It should be 

further noted that polyterpenol is an organic material fabricated from non-synthetic renewable 

sources using an environmentally responsible technique, RF plasma polymerisation, making 

these materials suitable for the advancements of contemporary electronics, while meeting the 

demands of the environmentally sustainable human life. 

VII.2.2 Experimental 

VII.2.2.1 Sample preparation 

Samples used in this study are double layer MIM devices of indium zinc oxide 

(IZO)/polyterpenol/pentacene/Au, as depicted in Figure VII.2.1. A thin layer of polyterpenol is 

deposited onto the IZO surface using RF plasma polymerisation following the experimental 

procedure outlined elsewhere [336,337]. Briefly, samples are placed into a custom-built glass 

deposition reactor, which is then evacuated to 50 mTorr. RF energy (13.56 MHz) is delivered 

using two capacitively coupled copper electrodes. Terpinen-4-ol (Australian Botanical 

Products) vapours are released into the reactor at a constant rate. The deposition is performed at 

15 W and a pressure of 100 mTorr. Subsequently, pentacene (Tokyo Kasei Kogyo Co., Japan) 

as-received without further purification is deposited onto the polyterpenol thin film using 
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>> τRC. Given that both organic layers are assumed to behave as dielectrics characterised by set 

Ci and Gi parameters, τMW and τRC are voltage independent constants. Since changes in the 

electric field distribution as a result of the injected charge modulate the intensity of the SHG 

signal, the technique can be employed to selectively probe the carrier transport mechanism and 

carrier behaviour within an OFET device.  On the other hand, upon removal of external voltage 

(Vex) from the double layer device, charges ±Qm  induced on the electrodes discharge with a 

response time τRC = Rs C*, and then  accumulated charge Qs at the boundary discharges. The 

charging and discharging should be reversal each other if charge Qs merely discharges in the 

way as suggested from the linear equivalent circuit of Figure VII.2.1b. 

VII.2.2.2 EFISHG measurement 

The experimental optical setup employed to visualise carrier motion in the OFET devices has 

been described previously in [455-459], and is used in this study as portrayed in Figure VII.2.2, 

in which the double-layer MIM device is presented. An optical parametric oscillator (OPO: 

Continuum Surelite OPO) pumped by the third-harmonic light of a Q-switched Nd-YAG laser 

(Continuum: Surelite II-10, spatial resolution less than 1 µm) is used as the light source for the 

measurement; repetition rate 10 Hz, pulse duration 4 ns, average power 1 mW. The incidence 

light is p-polarised by passing it through a neutral density (ND) filter, prism polarizer and SH-

cut filter. The samples are irradiated by the probing light from the substrate side, at an incident 

angle of 45° along the film thickness direction. The effective spot size of the focused light is 

less than 1 mm, an area significantly smaller than that of the working device. Filtered using an 

optical band pass filter and a monochromator to eliminate the reflected probing light, the SHG 

signal is detected by a photomultiplier tube (Hamamatsu photonics).  

In these experiments, the wavelength of the probing light is set to 860 nm, with the SH light 

intensity I (2ω) generated at 430 nm [460]. The choice of the wavelength is important in order 

to effectively observe the SHG signal from the active layer (in this work, pentacene). 

Polyterpenol is transparent to the chosen wavelength of the probing light and the excited second 

harmonic light, and the SHG enhancement from IZO is very small [455]. Polyterpenol is also 

assumed to be an ideal blocking layer with the carriers being injected into the pentacene layer 

from the Au electrode (see Figure VII.2.1a). All measurements are carried out in laboratory 

ambient environment. A square wave voltage (frequency 10 Hz, duty time 50 ms) is applied to 

the OFET device, as demonstrated in Figure VII.2.2, to investigate the changing and 

discharging processes under varied bias conditions.  
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Experimental set-up for optical second harmonic generation measurement.
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Results and discussion 

SH intensity for charging and discharging processes of 

IZO/polyterpenol/pentacene/Au device under forward bias (orange) and reverse bias

conditions. Black line represents the baseline SH intensity at Vex = 0. 

The experimental results of time-resolved EFISHG of the double layer MIM device illustrating 

the charging and discharging mechanisms are demonstrated in Figure VII.2.
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(−10 V), holes are easily injected into pentacene layer from Au electrode, whereas electron 

injection from IZO is prohibited due to the presence of a polyterpenol blocking layer. Upon 

application of the external voltage, SH intensity increases from baseline level (at Vex = 0) until it 

reaches its maximum value at around 10-7 s, the increase corresponding to charging of 

electrodes. The response time of the charging process agrees well with the calculated value for 

the equivalent circuit, τRC = Rs C* ≈ 4×10-8 s. Smooth carrier injection follows, with holes being 

transported and accumulated at the pentacene/polyterpenol interface, as reflected by the rapid 

decrease in SH intensity commencing at ~ 5×10-6 s to its initial baseline level, which it reaches 

at approximately 10-5 s. Similar carrier injection behaviour has been reported for comparable 

pentacene-based device with polyimide blocking layer, where SH intensity was demonstrated to 

relax to the zero level at approximately  10-3 s under forward bias charging conditions [471]. 

According to the equivalent circuit model based on the Maxwell-Wagner effect, portrayed in 

Figure VII.2.1b, the plateau region representing the saturated potential should appear after 

reaching the SH intensity maximum when τMW >> τRC [469]. However, merely a single sharp 

peak is observed in Figure VII.2.3, suggesting τMW is of the same order as τRC , but  τMW > τRC, 

and carrier injection followed by charge accumulation at the interface proceeds almost 

simultaneously. In other words, the Poisson field formed by accumulated free carriers 

compensates the Laplace field from the ± Qm of the electrodes from the beginning of the 

charging process, i.e., upon applying the external voltage Vex [454]. On the other hand, when 

device is short-circuited, the charges +Qm and –Qm induced on the electrodes are discharged 

through the external circuit with the relaxation time τRC of approximately 10-7 s, whereas 

positive charges accumulated at the interface remain. However, shortly the discharging 

commences at ~ 5×10-6 s, and as such the accumulated holes and the associated electric field 

decay, with SH intensity relaxing to its baseline value at approximately 10-5 s. Since the holes 

are believed to drift back to the Au electrode, the processes of interfacial charging and 

discharging of Qs are reversal. In other words, the charging and discharging process proceed in 

a manner as predicted by the equivalent circuit of Figure VII.2.1b.   

In the case of reverse bias conditions (+10 V), electrons are injected from Au electrode and hole 

injection is prohibited. Even though electron injection from Au electrode is more difficult due to 

high barrier height compared to holes, it has been reported for OFETs containing organic thin 

films.  In addition, ambipolar carrier injection has been recognized in many OFETs from the 

ambipolar field-effect transistor (FET) characteristics [452]. Similarly to the forward bias case, 

an application of external voltage is followed by charging of the electrodes characterised by a 

single peak in SH intensity at 10-7 s. However, the magnitude of the SH peak is higher and the 

peak itself is broader in the case of electron injection compared to hole injection, indicating that 
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Figure VII.2.4. SH intensity for charging and discharging processes of 

IZO/polyterpenol/pentacene/Al device under forward bias (orange) and reverse bias (blue) 

conditions. Black line represents the baseline SH intensity at 

The processes of interfacial charging and discharging of 

conditions are clearly non

reported for polyimide/pentacene double layer MIM structure, where the characteristic

which the SH intensity returned to its ground level was longer at 10

10-3 for discharging under reverse bias conditions. Similarly, the forward bias charging and 

reverse bias discharging were reported to be very simila
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electron injection from Au electrode into pentacene is slower and less smooth compared to hole 

injection, which is expected [472]. The injection commences at approximately 10

intensity reaching its zero level at 10-4 s. During the discharge phase of the experiment, first the 

charges on the electrodes disappear at 10-7 s, while the accumulated electrons stay at the 

interface. Then, instead of electrons drifting back to the Au electrode, it is believed that holes 

jected into pentacene from the Au electrode at ~ 5×10-6 s, driven by the electric field 

induced by the accumulated interfacial charges. In addition to low hole injection barrier from 

Au electrode, the intrinsic better hole transport properties of pentacene is thought to favour the 

proposed process. In terms of SH signal intensity, the discharging under the reverse bias 

conditions is very similar to the forward bias charging with regard to the magnitude and the 

position of the SH peak, arguing in favour of hole injection.  

SH intensity for charging and discharging processes of 

IZO/polyterpenol/pentacene/Al device under forward bias (orange) and reverse bias (blue) 

conditions. Black line represents the baseline SH intensity at Vex = 0. 

ocesses of interfacial charging and discharging of Qs in the case of reverse bias 

conditions are clearly non-reversal. Non-reversal charging and discharging has also been 

reported for polyimide/pentacene double layer MIM structure, where the characteristic

which the SH intensity returned to its ground level was longer at 10-2 s for charging compared to 

for discharging under reverse bias conditions. Similarly, the forward bias charging and 

reverse bias discharging were reported to be very similar, with the latter being attributed to hole 

ooth compared to hole 

. The injection commences at approximately 10-6 s, with SH 

s. During the discharge phase of the experiment, first the 

s, while the accumulated electrons stay at the 

interface. Then, instead of electrons drifting back to the Au electrode, it is believed that holes 

s, driven by the electric field 

induced by the accumulated interfacial charges. In addition to low hole injection barrier from 

is thought to favour the 

proposed process. In terms of SH signal intensity, the discharging under the reverse bias 

conditions is very similar to the forward bias charging with regard to the magnitude and the 

 

SH intensity for charging and discharging processes of 

IZO/polyterpenol/pentacene/Al device under forward bias (orange) and reverse bias (blue) 

in the case of reverse bias 

reversal charging and discharging has also been 

reported for polyimide/pentacene double layer MIM structure, where the characteristic time at 

s for charging compared to 

for discharging under reverse bias conditions. Similarly, the forward bias charging and 

r, with the latter being attributed to hole 



186 

 

injection as a means of interfacial discharging. However, these discussions were merely 

assumptions, and a possibility remained that the SH behaviour was of reversal charging and 

discharging with electrons, in a manner similar to that observed under forward biasing condition 

(-10V). 

In order to conclusively determine whether hole injection from Au dominated over electrons 

drifting back into Au electrode during the interface discharging, the Au was substituted with Al 

electrode material. The device was then investigated using time-resolved EFISHG technique 

under aforementioned experimental conditions, and the results are presented in Figure VII.2.4. 

There are notable differences in the charge carrier injection barriers between Au and Al 

electrodes, which have electron work functions of 5.1 and 4.28 eV, respectively. Lower work 

function of Al allows for more efficient injection of electrons into pentacene, whereas an 

approximately 2.0 eV energy difference between the LUMO of pentacene and Fermi level of Au 

makes electron injection rather difficult. Conversely, considering that the energy gap of 

pentacene is 2.5 eV and its ionization potential is 2.6 eV, the injection barrier for holes is 

negligible in the case of Au and prohibitive in the case of Al. The latter is phenomenon is being 

utilised to determine whether electrons accumulated at the polyterpenol/pentacene interface drift 

back during interfacial discharging. 

Upon application of negative voltage (forward biasing, –10V), electron injection into the device 

from IZO electrode is disallowed by polyterpenol blocking layer, and the injection of holes into 

pentacene is prohibited due to high hole injection barrier of Al. Hence, only charging of 

electrodes takes place in the device with a response time τRC (around 10-7 s). The SH behaviour 

comprehensively describes such an account, with SH increasing from the baseline level to reach 

its maximum intensity at around 10-7 s and remains unchanged thereafter. During discharging, 

the charges on the electrodes disappear with the same relaxation time τRC, characterised by 

concomitant reduction in SH intensity of the signal.  The charging and discharging process are 

of course reversal each other. 

When positive voltage (+10 V) is applied to the device, electrons are injected from Al electrode, 

and the injection of holes into the device is disallowed due to the presence of polyterpenol. 

Following charging of the electrodes, electrons are injected into the pentacene around 10-7 s and 

transported to the interface where they accumulate, consequently reducing the SH signal to its 

baseline value at approximately 10-6 s. The injection of electrons is believed to be followed by 

carrier trapping at the interface, similar to previously reported results for pentacene [472]. 

Indeed, the SH signal remains activated even after the external bias voltage is turned off, due to 



 

the captured electrons worki

demonstrated in Figure VII.2.

Poisson field by trapped carriers and is approximately equal to the Laplace field at positive bias

application [454].  

Figure VII.2.5. SH intensity (a) and the potential profile and injection condition

for charging (b) and discharging (c) process. Dotted line represents a potential profile with the 

charges Qm on the electrode and without the accumulated charges 

polyterpenol interface. 

Since the above described results i

was considerably longer than the discharging time of 50 ms used in the experiment, additional 

experiments with extended charging/discharging time were conducted. Briefly, a 

+10 V was first applied to the IZO electrode for 10 min, time believed to be sufficiently long to 

fill electron traps. The external voltage was then removed (

circuited. Using EFISHG technique, the transients of the electric fi

were probed every 100 ms, with results presented in 

EFISHG change was recorded within the limits of our experimental resolution of 10 ms, 

suggesting that electron injection and succee

polyterpenol interface proceeded rapidly, resulting in the cancelation of the electric field in the 

pentacene layer. As illustrated in 

nearly zero after charge Q

was very weak, approximating the baseline level. On the other hand, in the region 

short-circuiting the device, the EFISHG intensity immediately increased, owing 

charge field from the remaining charge 
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the captured electrons working as excess charges and forming a space charge field. As 

VII.2.5, initial intensity of activated SH signal indicates the formation of 

Poisson field by trapped carriers and is approximately equal to the Laplace field at positive bias

SH intensity (a) and the potential profile and injection condition

for charging (b) and discharging (c) process. Dotted line represents a potential profile with the 

on the electrode and without the accumulated charges Q

Since the above described results indicated that the time required for interfacial discharging 

was considerably longer than the discharging time of 50 ms used in the experiment, additional 

experiments with extended charging/discharging time were conducted. Briefly, a 

V was first applied to the IZO electrode for 10 min, time believed to be sufficiently long to 

fill electron traps. The external voltage was then removed (t = 0 s) and the device was short

circuited. Using EFISHG technique, the transients of the electric field in the pentacene layer 

were probed every 100 ms, with results presented in Figure VII.2.5a. In the region 

EFISHG change was recorded within the limits of our experimental resolution of 10 ms, 

suggesting that electron injection and succeeding electron accumulation at the pentacene

polyterpenol interface proceeded rapidly, resulting in the cancelation of the electric field in the 

pentacene layer. As illustrated in Figure VII.2.5b, the electric field in the pentacene layer was 

Qs was accumulated at the interface. As a result, the EFISHG intensity 

was very weak, approximating the baseline level. On the other hand, in the region 

circuiting the device, the EFISHG intensity immediately increased, owing 

charge field from the remaining charge Qs. The EFISHG intensity decayed with a relaxation 

ng as excess charges and forming a space charge field. As 
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time of 50 s, suggesting that the release of captured electrons from traps was slow. These results 

support the generation of SHG in the region 

V was applied.    

These findings confirm that in the case of reverse biased IZO/polyterpenol/pentacene/Au 

device, the single SH peak observed during the discharge phase of the experiment at 

approximately 10-7 s (Figure

the interface towards the Au electrode, but rather due to holes being injected into pentacene 

layer from the Au electrode. 

charging and discharging of the IZO/polyterpenol/pentacene/Au device. 

a)

b)

Figure VII.2.6. Carrier motion in IZO/polyterpenol/pentacene/Au devices under forward (a) 

and reverse (b) bias conditions during charging and discharging.
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time of 50 s, suggesting that the release of captured electrons from traps was slow. These results 

support the generation of SHG in the region t <0 in Figure VII.2.4, before a positive voltage +10 

These findings confirm that in the case of reverse biased IZO/polyterpenol/pentacene/Au 

device, the single SH peak observed during the discharge phase of the experiment at 

Figure VII.2.3) cannot be due to the accumulated electrons drifting from 

the interface towards the Au electrode, but rather due to holes being injected into pentacene 

layer from the Au electrode. Figure VII.2.6 illustrates the proposed carrier motion durin

charging and discharging of the IZO/polyterpenol/pentacene/Au device.  

Carrier motion in IZO/polyterpenol/pentacene/Au devices under forward (a) 

and reverse (b) bias conditions during charging and discharging. 

time of 50 s, suggesting that the release of captured electrons from traps was slow. These results 

4, before a positive voltage +10 

These findings confirm that in the case of reverse biased IZO/polyterpenol/pentacene/Au 

device, the single SH peak observed during the discharge phase of the experiment at 

3) cannot be due to the accumulated electrons drifting from 

the interface towards the Au electrode, but rather due to holes being injected into pentacene 

6 illustrates the proposed carrier motion during 

 

 

Carrier motion in IZO/polyterpenol/pentacene/Au devices under forward (a) 
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VII.2.4 Conclusions 

EFISHG technique was used to probe the carrier transients within double-layer pentacene-based 

MIM devices during charging and discharging under different bias conditions. Given that 

pentacene is an ambipolar organic semiconductor, polyterpenol thin films fabricated from non-

synthetic environmentally sustainable source, were used as a blocking layer to assist in 

visualisation of single-species carrier transportation. Time-resolved EFISHG demonstrated 

injection and accumulation at the interface of both holes and electrons under forward and 

reverse bias conditions, respectively. However, the nature of SH activity during the discharging 

differed between the two cases. Where holes were the injected carriers, the discharging of the 

interface involved the accumulated carriers drifting back into the Au electrode. However, when 

the accumulated charges were electrons, the discharging entailed an injection of holes from the 

Au electrode. Polyterpenol was demonstrated to be a sound blocking material and can therefore 

be used for probing of double-layer devices using EFISHG.    
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VII.3  EFFECT OF POLYTERPENOL MATERIAL PROPERTIES ON 
INTERFACIAL CHARGING AND DISCHARGING OF PENTACENE MIM 
DEVICE 

Abstract 

The effect of material properties of an environmentally friendly, optically transparent dielectric 

material, polyterpenol, on the carrier transients within the pentacene-based double-layer MIM 

device was investigated. Polyterpenol films were RF plasma polymerised under varied process 

conditions, with resultant films differing in surface chemistry and morphology. Independent of 

type of polyterpenol, time-resolved EFISHG study of IZO/polyterpenol/pentacene/Au structures 

showed similar transient behaviour with carriers injected into pentacene from Au electrode only, 

confirming polyterpenol to be a suitable blocking layer for visualisation of single-species carrier 

transportation during charging and discharging under different bias conditions. Polyterpenol 

fabricated under higher input power show better promise due to higher chemical and thermal 

stability, improved uniformity, and absence of defects.  

Keywords: EFISHG; polyterpenol; polymer thin film; organic semiconductors 
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organic gate dielectric material properties on interfacial charging and discharging of pentacene 

MIM device. Physics Procedia 2011, 14, 62-66.  
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VII.3.1 Introduction 

Organic materials and organic semiconducting devices have attracted much attention from 

academia and industry for their potential as building blocks for inexpensive and structurally 

flexible electronic devices, including radio frequency identification tags, smart cards, light 

emitting diodes, and flexible displays. Organic field effect transistors (OFETs) are a particularly 

attractive alternative to conventional devices for applications that require large area coverage, 

light weight, and low-temperature processing. The performance of such a device is dependent 

on many factors, including the chemical structure of the active layer, processing conditions, 

device architecture, choice of electrode, and notably, the properties of gate dielectric material 

[438]. Furthermore, the composite nature of the carrier transportation and accumulation within 

organic devices renders detection and interpretation of carrier motion within OFET structures 

difficult. Time-resolved electric filed induced second harmonic generation (EFISHG) technique 

has been shown as a suitable method for elucidation of carrier dynamics within OFET devices 

[455]. Inclusion of a suitable transparent blocking layer into the structure of the device has been 

demonstrated to greatly assist in visualisation of single-carrier motion, particularly for those 

devices based on ambipolar semiconductors such as pentacene. 

In our recently published work [353], we proposed using a newly synthesised environmentally 

friendly, organic insulating material, polyterpenol, as a blocking layer for probing of double-

layer devices using EFISHG. Polyterpenol has been previously demonstrated to enhance the 

effective mobility and improve the switching characteristics of the pentacene based OFET 

device when used as a gate modification layer [337]. For polyterpenol, input power during 

fabrication has been demonstrated to be particularly significant as it influences the degree of 

fragmentation of the original monomer molecule, their recombination and film formation. 

Resultant thin films diverge chemically and structurally from the original monomer and each 

other, with implications for performance, degradation and stability of polyterpenol, as well as 

the manner in which these films interact with their ambient environment. 

Surface properties of gate dielectrics (surface energy, roughness) are known to have a 

considerable effect on the active layer morphology. As an example, Lee and Wang recently 

reported on a discrepancy in the crystallinity and microstructure of pentacene and electrical 

properties of OTFT device incorporating gate dielectric layer with different surface 

characteristics [473]. Furthermore, since charges in OFETs are transported mainly within a very 

thin layer adjacent to the gate insulator, the field effect mobility does not only depend on the 

purity and order of the organic layer but also on the quality and nature of the 

insulator/semiconductor interface. For instance, SiO2 commonly used as a gate insulator owing 
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to its excellent insulating properties and sound thermodynamic stability exhibits a high density 

of hydroxyl groups at its surface. These groups give rise to a high surface free energy with a 

tendency for the material to form strongly adhering layers of adsorbed contaminants at its 

surface. Consequently, in this study, we seek to optimise the properties of polyterpenol to best 

fit its proposed application as a transparent insulating layer. 

VII.3.2 Experimental 

For material characterisation, polyterpenol was RF plasma polymerised onto glass, Si and KBr 

substrates under 15 W or 100 W RF power, the detailed experimental procedure is available 

elsewhere [336,337]. Briefly, wet cleaned substrates were placed into a custom-built glass 

deposition reactor, which was then evacuated to 50 mTorr, at which point terpinen-4-ol 

(Australian Botanical Products Pty Ltd, Australia) monomer vapours were gradually released 

into the reactor. RF energy (13.56 MHz) of 15 W or 100 W delivered using two capacitively 

coupled copper electrodes was used to initiate the plasma glow. Resultant films were 

characterised using AFM (NT-MDT), variable angle spectroscopic ellipsometer (model M-

2000, J. A. Woollam Co., Inc.), Nicolet Maxim FT-IR Spectrometer, KSV 101 contact angle 

system, Axis Ultra spectrometer (Kratos Analytical Ltd., UK).  

Device preparation involved RF plasma polymerisation of 100 nm polyterpenol thin film onto 

the IZO surface, followed by vacuum evaporation of 100 nm pentacene (Tokyo Kasei Kogyo 

Co., Japan) layer under a pressure of 10-5 Torr and a deposition rate of approximately 1 nm/min. 

Finally, Au electrodes were evaporated onto the surface of the active layer to allow for the 

smooth hole carrier injection into pentacene. The detailed account of the experimental EFISHG 

setup used to visualise carrier motion in the OFET devices can be found in [455-457]. For these 

experiments, the wavelength of the probing light was set to 860 nm, with the SH light intensity I 

(2ω) generated at 430 nm [460].  

VII.3.3 Results and discussion 

Elemental analysis of polyterpenol indicated that the material was composed primarily of 

carbon, hydrogen and oxygen. Higher deposition power conditions increased monomer 

dissociation and film cross-linking, yielding more hydro-carbon rich coatings with less oxygen 

containing moieties, as shown in Table VII.3.1. 
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Table VII.3.1. Elemental composition of polyterpenol thin films deposited at 15 and 100 W RF 

power. 

Peaks 

15 W 100 W 

Binding energy, 

eV 

Atomic fraction, 

% 

Binding energy, 

eV 

Atomic fraction, 

% 

O 1s 533 23.1 533 12.2 

N 1s 400 0.9 400 0.6 

C 1s 286 76.0 286 87.2 

 

Figure VII.3.1. Chemical composition and optical properties of polyterpenol thin films. 
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FTIR spectra of the monomer and polymer films indicate that during polymerisation, bonds 

C(6)–OH and C(6)–C(7) of terpinen-4-ol molecule dissociate  to form fragments, and the 

C(3)=C(4) double bond may become saturated to produce C(3)–C(4). As such, absorption 

frequencies associated with C=C–H unsaturation (between 3150 and 3000 cm-1) seen on the 

monomer spectrum completely disappeared from the spectra for polyterpenol (Figure VII.3.1). 

On the other hand, a band indicative of a carbonyl group (C=O stretch at 1707 cm-1) appeared 

as a result of polymerisation process. Bands at 1150 and 1050 cm-1 indicate C–O stretching of 

alkyl-substituted ether. Bands corresponding to methyl C-H asymmetric and symmetric 

stretching (~ 2955, 2930, and 2875 cm-1) and bending (~ 1459 and 1380 cm-1) decreased in 

magnitude with higher deposition power, as did the band associated with H-bonded O–H 

stretch.  

Presence of high amount of C=C, C=O and –OH groups influences the dielectric constant of a 

material due to high polarizability of these moieties. Polyterpenol films deposited at lower RF 

power and hence containing higher portion of unsaturation and oxygen containing groups were 

characterised by notably higher dielectric constant compared to those fabricated at 100 W. 

Impedance spectroscopy was used to estimate the dielectric permittivity and breakdown strength 

of polyterpenol fabricated at 15 W and 100 W. Static relative permittivity εr for these materials 

was calculated from capacitance C value. At low frequency f<105, C value was constant. 

Calculated dielectric permittivity (Vac=50 mV, f=1 kHz) decreased significantly as a function of 

deposition input power, from approximately 4.2 to 2.8 for 15 W and 100 W films, respectively. 

These results indicated that as an OFET gate insulator, 15 W polyterpenol may be more 

attractive in terms of low operations voltage and large breakdown strength. However, films 

fabricated at 100 W are characterised by higher stability, uniformity and absence of pin-holes. 

Films produced under high input power conditions are more chemically and physically stable 

compared to those manufactured at 15 W, since the latter contains more of C–H and O–H bonds 

which are polar due to oxygen being more electronegative than C or H. Under ambient storage 

conditions, 15 W polyterpenol was reported to age via oxygen uptake via alkyl radical 

termination, whereas films fabricated at 100 W underwent molecular relaxation and gradual 

increase in density during an extended ageing process [347]. Thermal decomposition behaviour 

has also been shown to differ between the two materials, with films fabricated at lower RF 

power reported to commence loss of thickness via desorption of low molecular weight species 

at approximately 100 °C. Films fabricated at 100 W began to thermally decompose at 

significantly higher temperature of 205 °C, the shift in onset degradation temperature attributed 

to increased degree of cross-linking pertinent to these polymers. In addition, lower dissociation 
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energy of hydroxyl and carboxyl groups abundant in 15 W films result in new reaction 

pathways being generated as the lone electron pairs undergo acid/base interactions. 

All polyterpenol films were found to be optically transparent, pinhole free and smooth 

independent of deposition power. The average roughness decreased as a function of deposition 

power, from 0.4 nm to 0.2 nm for 15 W and 100 W coatings, respectively (Table VII.3.2). 

Polyterpenol films fabricated at lower RF input energy were characterised as more hydrophilic 

compared to those deposited at 100 W. Total surface free energy was also higher for the 15 W 

films, which was attributed to higher quantity of oxygen-containing moieties present at the 

surface of these films. Although both films were monopolar, manifesting mostly electron donor 

properties (γ+<<γ
-), the electron donor fraction of surface energy decreased with fabrication 

power. Molecules of strongly monopolar material tend to repel each other when immersed in 

polar liquids. This allows the liquid to penetrate into the monopolar substance, resulting in 

pronounced solubility or dispersibility. Calculated from surface energy data, solvophobicity of 

polyterpenol material was demonstrated to increase with applied RF fabrication power for 

water, hexane, chloroform, ethanol, and acetone. Adhesion testing performed using nanoscratch 

test indicated significantly improved adhesion of 100 W polyterpenol to such substrates as 

glass, polystyrene, and polyethylene terephthalate.  

Table VII.3.2. Physico-chemical surface attributes of polyterpenol films fabricated at different 

RF power. 

  

Contact 

angle, °  

Surface free energy 

(mJ/m2)  
Roughness parameters, nm 

θw  θE  θD  γLW  γ
+  γ

-  γTOT  Rmax Ra Rq Rsk   Rkur     

15W  64 60 38 40.5 0.75 30.2 50 4.5 0.4 0.6 0.07 0.13 

100W  76 59 38 40.7 0.16 11.7 43.4 2.93 0.3 0.4 0.05 0.2 

Transient EFISHG behaviour was similar in devices using two types of blocking layer, as 

shown in Figure VII.3.2. The carrier behaviour within device containing 15 W polyterpenol was 

also consistent to previously reported observations [353]. Under forward bias conditions, 

charging of electrodes was followed by holes being injected from Au electrode into pentacene, 

whereas electron injection from IZO was prohibited owing to the presence of polyterpenol 

blocking layer. The EFISHG results revealed smooth and fast injection and almost simultaneous 

accumulation of holes at the pentacene-polyterpenol interface during charging, as indicated by 

the absence of considerable SH peak compared to SH base level (obtained at Vex = 0). Once the 

external voltage was removed, the discharging of electrodes (at ~ 10-7 s) was followed by 



 

accumulated carriers drifting back into the Au electrode. The process was illustrated by SHG 

signal returning to its base line at approximately 10

differences in charging/discharging between devices containing two types of polyterpenol, other 

material properties of the materials indicate 100 W films may be better due to their smooth

uniform surfaces, absence of pinholes, improved adhesion to substrate and overall better 

thermal, physical and chemical stability.

Figure VII.3.2. Transient behaviour of charge carriers in pentacene based device containing 

two types of polyterpenol bloc

VII.3.4 Conclusion 

Polyterpenol was demonstrated to be a sound blocking material and can therefore be used for 

probing of double-layer devices using EFISHG, with polyterpenol fabricated at higher RF 

power being a better suited material due to 

deposition, improved uniformity, and absence of defects.
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accumulated carriers drifting back into the Au electrode. The process was illustrated by SHG 

ase line at approximately 10-5 s. Although there were no significant 

differences in charging/discharging between devices containing two types of polyterpenol, other 

material properties of the materials indicate 100 W films may be better due to their smooth

uniform surfaces, absence of pinholes, improved adhesion to substrate and overall better 

thermal, physical and chemical stability. 

Transient behaviour of charge carriers in pentacene based device containing 

two types of polyterpenol blocking layer.  

Polyterpenol was demonstrated to be a sound blocking material and can therefore be used for 

layer devices using EFISHG, with polyterpenol fabricated at higher RF 

power being a better suited material due to higher stability, particularly during pentacene 

deposition, improved uniformity, and absence of defects. 
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VII.4  ELECTRON-BLOCKING HOLE-TRANSPORT PROPERTY OF 
POLYTERPENOL THIN FILMS 

Abstract 

A carrier blocking property of polyterpenol thin films derived from non−synthetic precursor is 

studied using Electric Field Induced Optical Second Harmonic Generation technique that can 

directly probe carrier motion in organic materials. A properly biased double−layer MIM device 

with a structure of indium zinc oxide (IZO)/polyterpenol/C60/Al shows that by incorporating the 

polyterpenol thin film, the electron transport can be blocked while the hole transport is allowed. 

The inherent electron blocking hole transport property is verified using 

Al/C60/Alq3/polyterpenol/IZO and Al/Alq3/polyterpenol/IZO structures. The rectifying 

property of polyterpenol is very promising and can be utilized in the fabrication of many 

organic devices. 

Keywords: EFISHG; polyterpenol; polymer thin film; organic semiconductors 
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Electron−blocking hole−transport polyterpenol thin films. Chemical Physics Letters (in review). 
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VII.4.1 Introduction 

Recent progress in the area of organic electronic circuits, especially displays, demand new and 

improved materials for increasing the device efficiency.  In electronics, the flexibility, light 

weight, and efficient integration of the organic materials-based electronic devices offer unique 

attractions [8]. Organic electronics present exciting possibilities for the realization of large-area 

self-illuminating displays based on organic light emitting diodes (OLED) and organic field 

effect transistors (OFET), low−cost organic solar cells and photovoltaic devices, sensors, and 

plastic electronics [16,474]. In OLEDs, holes and electrons are injected from opposite 

electrodes into an active molecular/macromolecular medium to produce, via exciton decay, light 

emission [475]. The efficiency of the OLEDs will be determined by the different layers used in 

the device; these include hole transport (HTL), emissive (EML), and electron-transport (ETL) 

layers. The HTL plays a significant role in the device performance by maximizing hole injection 

from the anode while blocking the efficiency-depleting electron overflow from the EML.  A 

number of HTLs such as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOTPSS) [476], polyaniline-camphorsulfonic acid (PANI-CSA) [477], and polypyrrole-

dodecylbenzene sulfonic acid (Ppy-BDSA) [478] have been reported in the literature.  The 

major detriments of many HTLs are only the annealing or ultraviolet photochemical processing 

requirement but  also factors such as low durability and volume shrinkage, or microcracking 

resulting in leakage current.  

Majority of the currently utilized HTL organic precursors pose an environmental hazard, an 

impediment, which can be overcome using non-synthetic environmentally-conscious 

alternatives. Polyterpenol is a polymer thin film of tepinen-4-ol, a monoterpene component of 

the essential oils of several plants, with demonstrated good electrical insulating performance. 

The developed material is characterized by transparency and stability over the environmental 

variations. Polyterpenol is used as an interfacial layer in the fabrication of a p-type OFET, 

substantially improving the mobility of the device [337]. The electrical insulating property of 

polyterpenol in terms of carrier blocking within double-layer MIM devices was further 

elucidated through time-resolved visualization of carrier motions using the electric field induced 

optical second harmonic generation (EFISHG) technique.  

VII.4.2 Experimental 

The fabrication of IZO/polyterpenol/C60/Al double-layer diodes followed the previously 

outlined methodology [336,337]. A thin layer of polyterpenol was deposited onto the IZO 

surface using RF plasma polymerization at a pressure of 100 mTorr, RF frequency of 13.56 



 

MHz, and 100 W RF power. Terpinen

released into the reactor at a constant rate. The achieved film thickness was 100 nm. Then, a 

layer of C60 followed by Al electrode were deposited onto the p

vacuum evaporation technique, under a pressure of 10

approximately 1 nm/min.  

VII.4.3 Results and discussion

The I-V characteristics of 

as the reference electrode. As shown in 

those of a rectifying diode structure, 

current was similar to the pentacene

findings regarding the insulating behavior of polyterpenol thin films.

electron injection from Al electrode as well as hole injection from IZO electrode were probable, 

but electron injection from the IZO electrode and hole injection from the Al electrode were 

minor. Electron injection and transport through C

through polyterpenol was therefore proposed as the mechanism behind the observed 

phenomenon. However, additional measurements on the structure had to be performed in order 

to eliminate other potential scenarios, such as electron injection from Al and successive 

transport through C60 and polyterpenol, or hole injection from IZO and successive transpor

through polyterpenol and C

Figure VII.4.1. The I-V characteristics of the polyterpenol

structure of the device. 

Time-resolved EFISHG can directly probe the carrier motion within the 

providing direct experimental evidence necessary to verify the carrier behaviour within such a 
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MHz, and 100 W RF power. Terpinen-4-ol (Australian Botanical Products) vapors were 

released into the reactor at a constant rate. The achieved film thickness was 100 nm. Then, a 

followed by Al electrode were deposited onto the polyterpenol thin film using 

vacuum evaporation technique, under a pressure of 10-5 Torr and a deposition rate of 

 

Results and discussion 

the IZO/polyterpenol/C60/Al diode were then collected, 

as the reference electrode. As shown in Figure VII.4.1, the characteristics were comparable to 

a rectifying diode structure, and no hysteresis was observed. The magnitude of the 

current was similar to the pentacene-polyterpenol structure, which substantiated our previous 

findings regarding the insulating behavior of polyterpenol thin films. The results suggested that 

electron injection from Al electrode as well as hole injection from IZO electrode were probable, 

m the IZO electrode and hole injection from the Al electrode were 

minor. Electron injection and transport through C60 and hole injection from IZO and transport 

through polyterpenol was therefore proposed as the mechanism behind the observed 

ever, additional measurements on the structure had to be performed in order 

to eliminate other potential scenarios, such as electron injection from Al and successive 

and polyterpenol, or hole injection from IZO and successive transpor

through polyterpenol and C60 layers.  

 

V characteristics of the polyterpenol−C60 double layer device. Inset: The 

resolved EFISHG can directly probe the carrier motion within the 

oviding direct experimental evidence necessary to verify the carrier behaviour within such a 
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The results suggested that 

electron injection from Al electrode as well as hole injection from IZO electrode were probable, 

m the IZO electrode and hole injection from the Al electrode were 

and hole injection from IZO and transport 

through polyterpenol was therefore proposed as the mechanism behind the observed 

ever, additional measurements on the structure had to be performed in order 

to eliminate other potential scenarios, such as electron injection from Al and successive 

and polyterpenol, or hole injection from IZO and successive transport 

double layer device. Inset: The 

resolved EFISHG can directly probe the carrier motion within the double-layer diodes, 

oviding direct experimental evidence necessary to verify the carrier behaviour within such a 
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device.  The experimental setup used in this study can be found elsewhere [455-459]. In the 

experiment, external voltage (Vex) is applied to the double layer with capacitance Ci and 

conductance Gi and charges ±Qm are induced on the electrodes with a response time τRC = Rs C*, 

where C* is the total series capacitance of the diode. At time t >> τRC, charge carriers are 

injected into the device and transported along the direction of the electric field. Should the 

respective relaxation times between the blocking and the active layers differ, τ1 ≠ τ2, a charge Qs 

is accumulated at the boundary between these layers with a relaxation time τMW = (C1+C2)/ 

(G1+G2), τMW >> τRC,  due to the Maxwell-Wagner (MW) effect . The electric field distribution is 

directly correlated to the SHG signal changes [454,469].  

The EFISHG is distinct in that it is generated in proportion to the square of static electric field, a 

characteristic that sets it apart from other SHG sources. The expression Ish ∝ d2 |P (2ω)|2 can be 

used to describe the intensity of the second harmonic signal, with the nonlinear polarization 

wave P (2ω) = ε0 χ(2) : E(ω)E(ω) + ε0 χ(3):E(0)E(ω)E(ω), the thickness of the centrosymmetric 

layer d, the permittivity of vacuum ε0, the average electric field across the probed layer E(0), the 

electric field of the p-polarized light E(ω), and the nth-order nonlinear susceptibility tensor χ(n) (n 

= 2, 3, …), which is a material dependent parameter with ω. For C60, χ(2) =0, with only the SH 

generation due to the second term contribution expected to appear. The square-root of SH 

intensity (Ish)
0.5 is used for probing the electric field E(0) which is the square-root of the absolute 

difference between the SH intensity at the baseline level and under applied external voltage. For 

C60, the wavelength of the probing light is set to 1000 nm, with the SH light intensity I (2ω) 

generated at 500 nm [460].  

The experimental results of time-resolved EFISHG of the double layer MIM device illustrating 

the charging and discharging mechanisms are presented in Figure VII.4.2(a). During charging, a 

step voltage was applied to the device, and it was removed in the discharging process. Figure 

VII.4.2a illustrates 3 conditions, namely 0 V, 3 V and 5 V on IZO with reference to Al 

electrode.  The changes in the intensity of the SH signal were interpreted in terms of the electric 

field distribution in C60 layer under the presence of injected charge carriers [470]. The base line 

response was obtained for Vex = 0. For the forward bias conditions of 3 V or 5 V, electron 

injection into C60 layer from Al electrode to the polyterpenol layer and/or hole injection into 

polyterpenol from IZO was suggested [469]. The decaying process during charging satisfied 

relaxation time dependence of applied voltage 1/V2. This suggested recombination of electrons 

and holes at the interface was probable, with the amount of positive charge less than that of 

negative charge. The SH intensity increased from the baseline and a maximum SH intensity was 

obtained at 10-6 s, on replying electrode charging with a response timeτRC. Smooth carrier 



 

injection followed, with electrons being transported and accumulated at the C

interface. This was reflected by the rapid decrease in SH intensity to its initial baseline level, 

which it reached at approximately 10

case, the electric field was relaxed since charges ±

and the charges Qs accumulated at C

Figure VII.4.2. SH intensity for charging and discharging processes of IZO/polyterpenol/C

device under forward (a) and reverse (b) bias conditions, and the baseline for SH intensity at 

= 0. 

In the case of reverse bias conditions, holes were 

be seen from Figure VII.4.

device under reverse bias conditions was a distinct feature in comparison with the 

The charges ±Qm accumulated on electrodes 

C60/polyterpenol was very small

compared to electron injection, which was in agreement with our previous study 

injection commenced at approximately 1µsec. During the discharge phase of the experiment, 

first the charges on the electrodes disappeared at 1µsec, while the accumulated electrons stayed 
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injection followed, with electrons being transported and accumulated at the C

interface. This was reflected by the rapid decrease in SH intensity to its initial baseline level, 

t reached at approximately 10-3 s, corresponding to the MW relaxation time

case, the electric field was relaxed since charges ±Qm accumulated on electrodes at 

accumulated at C60/polyterpenol. 

intensity for charging and discharging processes of IZO/polyterpenol/C

device under forward (a) and reverse (b) bias conditions, and the baseline for SH intensity at 

In the case of reverse bias conditions, holes were candidates injected from 

VII.4.2(b), the SH intensity for charging and discharging processes of the 

device under reverse bias conditions was a distinct feature in comparison with the 

accumulated on electrodes at tRC=440 ns, but the 

was very small. The SH peak was broader in the case of hole injection 

compared to electron injection, which was in agreement with our previous study 

injection commenced at approximately 1µsec. During the discharge phase of the experiment, 

first the charges on the electrodes disappeared at 1µsec, while the accumulated electrons stayed 

injection followed, with electrons being transported and accumulated at the C60/polyterpenol 

interface. This was reflected by the rapid decrease in SH intensity to its initial baseline level, 

to the MW relaxation timeτMW. In this 

accumulated on electrodes at tRC = 440 ns 

 

intensity for charging and discharging processes of IZO/polyterpenol/C60/Al 

device under forward (a) and reverse (b) bias conditions, and the baseline for SH intensity at Vex 

 Al electrode. As can 

2(b), the SH intensity for charging and discharging processes of the 

device under reverse bias conditions was a distinct feature in comparison with the forward bias. 

but the Qs accumulated at 

The SH peak was broader in the case of hole injection 

compared to electron injection, which was in agreement with our previous study [472]. The 

injection commenced at approximately 1µsec. During the discharge phase of the experiment, 

first the charges on the electrodes disappeared at 1µsec, while the accumulated electrons stayed 



 

at the interface.  These results suggested that hole injection was blocked by the C

electron injection was prohibited by the polyterpenol.

The inherent electron blocking hole transport property of the polyterpenol was further 

corroborated using Al/Alq3/polyterpenol/IZO and Al/C

schematics for which are presented in 

Al/Alq3/polyterpenol/IZO device, holes from IZO side were transported through the 

polyterpenol and recombined at the Alq3 layer with the electrons transmitted from the Al 

electrode. As a result of this recombination, electromagnetic radiation was emitted, as illustrated 

in Figure VII.4.3(c). Similar charge carrier behavior was observed for 

Al/C60/Alq3/polyterpenol/IZO structure. 

friendly electron blocking layer which can be used in between the active organic layers and 

anode. 

Figure VII.4.3. Experimental set

and (b) Al/Alq3/polyterpenol/IZO. (c) Observed electromagnetic radiation as a result of 

electron-hole recombination at Alq3 layer.

VII.4.4 Conclusion 

In conclusion, the charge transport mechanism across plasma polymerized polyterpenol was 

studied by depositing C60 n

electrodes. Using the EFISHG, charge accumulation under the steady state was demonstrated 

for electron injection from the Al/C
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These results suggested that hole injection was blocked by the C

electron injection was prohibited by the polyterpenol.  

The inherent electron blocking hole transport property of the polyterpenol was further 

lq3/polyterpenol/IZO and Al/C60/Alq3/polyterpenol/IZO structures, 

schematics for which are presented in Figures VII.4.3(a) and VII.4.3(b). In the case of 

Al/Alq3/polyterpenol/IZO device, holes from IZO side were transported through the 

ombined at the Alq3 layer with the electrons transmitted from the Al 

electrode. As a result of this recombination, electromagnetic radiation was emitted, as illustrated 

3(c). Similar charge carrier behavior was observed for 

terpenol/IZO structure. This invention provides a new environmentally 

friendly electron blocking layer which can be used in between the active organic layers and 

Experimental set-up and device structure (a) Al/C60/Alq3/polyterpenol

and (b) Al/Alq3/polyterpenol/IZO. (c) Observed electromagnetic radiation as a result of 

hole recombination at Alq3 layer. 

In conclusion, the charge transport mechanism across plasma polymerized polyterpenol was 

n-type organic semiconductor on the polyterpenol thin film and Al top 

electrodes. Using the EFISHG, charge accumulation under the steady state was demonstrated 

for electron injection from the Al/C60 (V > 0), whereas no charge accumulation

These results suggested that hole injection was blocked by the C60 layer, and 

The inherent electron blocking hole transport property of the polyterpenol was further 

/Alq3/polyterpenol/IZO structures, 

3(b). In the case of 

Al/Alq3/polyterpenol/IZO device, holes from IZO side were transported through the 

ombined at the Alq3 layer with the electrons transmitted from the Al 

electrode. As a result of this recombination, electromagnetic radiation was emitted, as illustrated 

3(c). Similar charge carrier behavior was observed for 

This invention provides a new environmentally 

friendly electron blocking layer which can be used in between the active organic layers and 

 

up and device structure (a) Al/C60/Alq3/polyterpenol/IZO, 

and (b) Al/Alq3/polyterpenol/IZO. (c) Observed electromagnetic radiation as a result of 

In conclusion, the charge transport mechanism across plasma polymerized polyterpenol was 

type organic semiconductor on the polyterpenol thin film and Al top 

electrodes. Using the EFISHG, charge accumulation under the steady state was demonstrated 

(V > 0), whereas no charge accumulation was observed 
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for hole injection (V < 0) from Al/C60. Resulting from these observations, electron blocking 

property of polyterpenol was proposed as a likely mechanism. Results from 

electroluminescence spectrum measurement on the Al/C60/Alq3/polyterpenol/IZO structure 

evidently confirmed the rectifying property of polyterpenol, with electron and hole 

recombination taking place in Alq3 and C60 layers, indicated by the EL wavelengths of the 

emitted light consistent with Alq3 and C60 photoluminescence spectra. This study substantiate 

that the environmentally friendly transparent polyterpenol thin film will be an excellent 

candidate to be used as a ‘hole transport electron blocking layer’ in organic electronic circuits 

and hence can be utilized in the fabrication of many organic devices, e.g., OLEDs. 
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CHAPTER VIII 

POLYTERPENOL AS A BIOLOGICALLY ACTIVE ANTIFOULING 
COATING FOR MEDICALLY RELEVANT DEVICES 

Chemical characterisation of polymer thin films fabricated under varied RF power conditions 

demonstrate that retention of monomer functionality can be achieved under low power 

conditions. A possibility of maintaining biological activity of liquid monomer within a solid 

polymer film is explored in this chapter.  

In Section VIII.1, the performance of coatings deposited at higher and lower input powers in 

preventing adhesion and biofilm formation of pathogenic Pseudomonas aeruginosa are 

contrasted. The antifouling and antibacterial property of the material is investigated by means of 

scanning electron microscopy and confocal laser scanning microscopy, which allow for 

quantification of retained cells and the extracellular polymeric substances these bacteria 

produce. The findings are summarised in Bazaka, K. et al., A study of retention of antimicrobial 

activity by plasma polymerized terpinen-4-ol thin films. Material Science Forum 2010, 654-656, 

2261-2264 and expanded on in Bazaka, K et al., Effect of plasma-enhanced chemical vapour 

deposition on the retention of antibacterial activity of terpinen-4-ol. Biomacromolecules 2010, 

11, 2016-2026. Subsequent studies involving different polyterpenol fabrication conditions and 

taxonomically distinct pathogenic bacteria were conducted to demonstrate the broad-spectrum 

activity of polyterpenol and optimise the coatings. Additional publications resulted but are not 

included into this thesis, namely Bazaka, K. et al., Plasma polymerisation and retention of 

antibacterial properties of terpinen-4-ol, in: Mendez-Vilas, A. (Ed.), Science and technology 

against microbial pathogens. Research, development and evaluation. World Scientific 

Publishing Group 2011, and Bazaka, K. et al., Radio frequency plasma enhanced synthesis of 

antifouling polymeric coatings from monoterpene alcohols. IEEE TENCON Proceedings 2010, 

1486-1491. 

In Section VIII.2, the respective contributions of surface chemistry and surface topography are 

identified. A combination of these two parameters determines hydrophobicity and the surface 

free energy of the material, which are important in controlling cell-surface interactions. The 

presence of specific chemical functionalities at the surface of the abiotic target may inhibit 

colonisation or provide sites for permanent attachment via covalent bonding. Similarly, surface 

features at different scales are known to affect the initial adherence and subsequent retention of 

bacterial cells. These finding are published as Bazaka, K et al., The effect of polyterpenol thin 

film surfaces on bacterial viability and adhesion. Polymers 2011, 3, 388-404.  
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VIII.1  SYNTHESIS OF BIOACTIVE COATINGS FROM MONOTERPENE 
ALCOHOLS: EXPERIMENTAL AND THEORETICAL STUDY 

Abstract 

This paper describes the synthesis and characterization of a novel organic polymer coating for 

the prevention of the growth of Pseudomonas aeruginosa on the solid surface of three-

dimensional objects. Substrata were encapsulated with polyterpenol thin films prepared from 

terpinen-4-ol using radio frequency plasma enhanced chemical vapor deposition. Terpinen-4-ol 

is a constituent of tea-tree oil with known antibacterial properties. The influence of deposition 

power on the chemical structure, surface composition, and ultimately the antibacterial inhibitory 

activity of the resulting polyterpenol thin films was studied using X-ray photoelectron 

spectroscopy (XPS), water contact angle measurement, atomic force microscopy (AFM) and 3-

D interactive visualization and statistical approximation of the topographic profiles. The 

experimental results were consistent with those predicted by molecular simulations. The extent 

of bacterial attachment and extracellular polymeric substances (EPS) production were analyzed 

using scanning electron microscopy (SEM) and confocal scanning laser microscopy (CSLM). 

Polyterpenol films deposited at lower power were particularly effective against P. aeruginosa 

due to the preservation of original terpinen-4-ol molecules in the film structure. The proposed 

antimicrobial and antifouling coating can be potentially integrated into medical and other 

clinically relevant devices to prevent bacterial growth and to minimize bacteria-associated 

adverse host responses. 

Keywords: Bacterial adhesion; bacterial retention; plasma polymerization; Pseudomonas 

aeruginosa; thin films 

 

 

 

 

As published in: Bazaka, K., Jacob, M. V., Truong, V. K., Wang, F., et al., Effect of plasma-

enhanced chemical vapour deposition on the retention of antibacterial activity of terpinen-4-ol. 

Biomacromolecules 2010, 11, 2016-2026.  
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VIII.1.1 Introduction 

The role of biologically active coatings in the etiology of surgical site infection has been the 

objective of discussion for decades, particularly in the case of indwelling medical devices [479-

481]. The application of bioactive coatings is designed to prevent bacterial attachment and 

subsequent biofilm formation, the foremost cause of device related infections and device failure, 

while at the same time promoting host cell adhesion and tissue healing [161,162]. Biomaterial-

associated infections can develop along several routes, with the most common route of 

introduction of the aetiological agents being direct contamination of the implant during surgery 

(peri-operative contamination) [115], or contamination during post-operative care [482]. 

Furthermore, microorganisms that originate from an infection site elsewhere in the body can 

spread through the blood causing late haematogenous infections of the implant, particularly in 

the case of medical devices directly exposed to the blood stream, such as artificial valves 

[117,118]. 

Passive coatings such as hydrophilic polyurethanes have been demonstrated to reduce the extent 

of bacterial attachment, however they are incapable of eradicating bacterial cells that can adhere 

to the surface [483,484]. Upon attachment, certain bacteria will secrete extracellular polymeric 

substances (EPS) and form a biofilm, an effective defence mechanism that protects bacteria 

from host immune response and systemic drugs [485]. Recently, active coatings capable of both 

preventing bacterial adhesion and eliminating the bacteria by means of releasing antibacterial 

agents have been receiving a great deal of attention [486-489]. Controlled-release coatings 

containing such antibiotics as vancomycin, amoxicillin and gentamicin have been shown to 

successfully inhibit bacterial growth [490,491]. However, with the rapidly diminishing 

effectiveness of many systemic antibiotics and antiseptics for the treatment and prevention of 

many common infections [492], alternative agents such as silver ions [493], nitric oxide [494], 

bioactive antibodies [495], and naturally occurring biocidal compounds are now being 

considered. Hence, there is a need to further develop an efficient coating that exhibits both a 

comprehensive biological activity together with long-lasting biocidal properties. 

Some organic polymer materials have been shown to be effective alternative bioactive coatings 

[319]. The employment of plasma based polymerization techniques to synthesize high 

performance thin film materials has been investigated by many authors [85-88,90,320]. Polymer 

thin films fabricated by means of radio frequency plasma-enhanced chemical vapour deposition 

(RF-PECVD) have been shown to retain certain functionalities and a structure pertinent to the 

original monomer whilst gaining the structural advantages associated with the presence of the 

substratum [90,320]. Importantly, RF-PECVD allows smooth, pinhole free and uniform polymer 
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thin films from organic composites to be produced that may not possess functionalities 

associated with conventional polymerization methods [96-98].  

The antibacterial, antifungal and antiviral properties of Melaleuca alternifolia (tea tree oil, 

TTO) have been known to Indigenous Australians for centuries [386,496-499], yet commercial 

applications of essential oils are limited mainly to the formulation of food flavouring, 

fragrance/cosmetics, pharmaceuticals, and industrial solvents [386,500]. Terpinen-4-ol, a 

monocyclic terpene alcohol, is thought to be the major anti-bacterial constituent of tea tree oil 

[496,501-503]. Studies using liposome model systems have shown that cyclic terpene 

hydrocarbons accumulate in the cytoplasmic membrane of bacteria, causing a loss of membrane 

integrity which results in an increased passive flux of protons across the membrane and 

dissipation of the proton motive force [504]. Scanning electron microscopy of S. aureus cells 

treated with the terpinen-4-ol monomer have shown that the cell membrane is damaged by the 

action of the terpinen-4-ol, highlighted by the appearance of mesosomes and a loss of 

cytoplasmic material [505].  

It is proposed that polymer thin films fabricated from tea tree oil and terpinen-4-ol monomers, 

using RF-PECVD under particular deposition conditions, may inherit the inhibitory and biocidal 

properties of their respective precursors, similar to plasma polymerized diethylene glycol 

dimethyl ether, which retained most of its original functional groups under low power 

deposition conditions [506]. This may make these films an appropriate protective coating for 

medical implants. Therefore, the primary goal of this study is to investigate whether the 

inhibitory properties of the terpinen-4-ol monomer are retained in the polyterpenol thin films 

deposited on the substrata, and to determine the deposition conditions under which these 

antibacterial characteristics may be retained. In order to do this, it is important to gain an 

understanding of the dissociation behaviour of the monomer, including the major elementary 

reactions and key radicals formed in the course of the polymerization process. The biochemical 

characteristics of the resulting polyterpenol film surfaces are assessed in terms of their chemical 

structure, film-solvent interactions, pattern of bacterial adhesion and inhibitory activity against 

selected human pathogenic bacteria, specifically P. aeruginosa, which may infect surgical 

wounds. 

VIII.1.2 Experimental section 

VIII.1.2.1 Polyterpenol thin film preparation 

Polyterpenol thin films were deposited onto the substrata using the terpinen-4-ol monomer 

(Figure VIII.1.1) (Australian Botanical Products, Ltd) using RF-PECVD. The RF energy (13.56 



208 

 

MHz) was delivered into a custom-manufactured glass deposition chamber via two capacitively 

coupled copper electrodes (Supporting information, Figure VIII.1.1S: Schematic diagram of the 

plasma polymerization apparatus). Glass slides (BioLab Scientific, Ltd.) and KBr (International 

Crystal Laboratories) windows were employed as the substrata. The glass substrata were pre-

washed in a 1:5 solution of Extran and distilled water. The substrata were then subjected to 

ultrasonic cleaning using distilled water heated to 50 °C for 30 min, then rinsed with propan-2-

ol and air dried. The KBr substrata were not subjected to a wet cleaning procedure. To apply the 

film coatings, the substrata were placed into the deposition chamber, which was flushed with 

argon for 1 min to ensure that the substrata possessed an oxygen-free surface. The chamber was 

then evacuated to achieve a pressure of 50 mTorr. The terpinen-4-ol vapor was released 

gradually into the chamber and the glow was maintained by controlling the monomer flow 

[336]. Deposition was performed at room temperature and a pressure of 200 mTorr under 10 W 

and 25 W RF power for 10 min to achieve films of approximately the same thickness. Terpinen-

4-ol monomer (1 mL) was used for each deposition cycle.  

 

Figure VIII.1.1. Chemical structure of terpinen-4-ol molecule (C10H18O). Hirshfeld charges, 

which are based on the LB94/et-pVQZ//B3LYP/cc-pVTZ model, are marked on the non-

hydrogen atoms. Molecular nomenclature is given in (a). Double click the structure in (b) on a 

computer or online will activate the embedded 3D-pdf. 

VIII.1.2.2 Polyterpenol thin film surface characterization  

FTIR. A single beam FTIR Spectrometer (Nicolet Maxim) was used to acquire the FTIR 

spectrum of the polyterpenol films. This spectrum for terpinen-4-ol was used as a reference, 

against which the degree of polymerization as a function of applied RF excitation signal was 
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assessed. For each polyterpenol film sample, 32 scans were collected in transmission mode over 

the region of 4000 – 400 cm-1 at a resolution of approximately 2 cm-1.  

Raman Scattering Spectroscopy. Raman spectra were collected with a WiTEC alpha300R 

Microscope in Raman mode using a 100× (Numerical Aperture 0.9) and 532 nm (Elaser = 2.33 

eV) laser operating at constant power for each experiment up to ~ 60 mW. Raman data were 

collected by the WiTEC Control software and analysed in the WiTEC Project software with the 

surface perpendicular to the excitation source.  Spectra were collected using an integration time 

of 1 s. 

Contact Angle Measurements. Surface wetting studies were performed using a contact angle 

system (KSV 101) employing the sessile drop method [427,507,508]. The experimental 

procedure was verified by conducting water contact angle measurements on 

polytetrafluoroethylene (PTFE). Preceding each measurement, a CCD camera was employed to 

confirm the height of each water drop to ensure consistency in drop volume. Once the drop was 

placed on the surface of the sample by means of a one-touch dispenser system, KSV CAM 

software was automatically triggered to commence recording. Images were taken for 30 s at 1 s 

intervals and image processing software was employed to establish the contact angle by fitting 

the Young-Laplace equation to the measured drop profile. An average of ten measurements was 

obtained for each sample surface, using sterilized nanopure H2O (18.2 M Ω cm-1), 

diiodomethane (Sigma Aldrich) and ethylene glycol (Sigma Aldrich). 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 [427,507,508].  

XPS Analysis. The elemental composition of the polyterpenol films was obtained using X-ray 

photoelectron spectroscopy (XPS).  This was performed using an Axis Ultra spectrometer 

(Kratos Analytical Ltd., UK), equipped with a monochromatic X-ray source (Al Kα, hν = 

1486.6 eV) operating at 150 W. The energy scale of the instrument was calibrated by measuring 

the Au 4f7/2 (Eb = 84.0 eV), Ag 3d5/2 (Eb = 368.3 eV), and Cu 2p3/2 (Eb = 932.7 eV) binding 

energies for pure metal foils. Samples were flooded with low-energy electrons during the 

analysis to counteract surface charging. The hydrocarbon component of the C 1s peak (binding 

energy 285.0 eV) was used as reference for charge correction. Photoelectrons emitted at 90° to 

the surface from an area of 700 × 300 µm2 were analyzed with 160 eV survey spectra, 20 eV for 

region spectra. Survey spectra were recorded at 1 eV/step, region spectra at 0.1 eV/step. Peaks 

in the high-resolution regions of spectra were fitted with synthetic Gaussian-Lorentzian 

components after removal of a linear background (using the Kratos Vision II software).  
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Ellipsometry. The thickness and roughness of the polyterpenol films [336] were estimated from 

Ψ and ∆ ellipsometric data collected for φ = 55º, 60º, and 65º angles of incidence over the 200 – 

1000 nm wavelength range using a variable angle spectroscopic ellipsometer (model M-2000, J. 

A. Woollam Co., Inc.). Within the wavelength region of 500 - 1000 nm, the polyterpenol film 

was assumed to be optically transparent (k→0) and homogenous [327].  

AFM Analysis. The surfaces of the thin film samples were scanned using an atomic force 

microscope (AFM) (NT-MDT) in semi-contact (tapping) mode to observe the surface 

topography and to quantitatively estimate the extent of surface roughness. Semi-contact mode is 

commonly used for the characterization of soft materials such as polymer films and biological 

samples as the short intermittent contacts between the tip and the sample surface characteristics 

reduce the inelastic deformations to the surface of the sample compared to contact mode, where 

the high tip-to-surface forces can mechanically deform the surface under the investigation. The 

carbon “whisker” type silicon cantilevers (type NSC05, NT-MDT) with a spring constant of 11 

N/m, tip radius of curvature of 10 nm, aspect ratio of 10:1 and resonance frequency of 150 KHz 

were used to obtain topographic resolution. Scanning was performed perpendicular to the axis 

of the cantilever at a rate of typically 1 Hz. The scan areas of 1 µm × 1 µm, 10 µm × 10 µm, and 

100 µm × 100 µm were used to determine the extent to which changes in RF power affected the 

surface properties of the polymer film. Standard NT-MDT Image Analysis software was 

employed to process the raw topographical data and generate statistical values for surface 

roughness.  

VIII.1.2.3 Computational details  

The geometry of terpinen-4-ol was optimized using the B3LYP/cc-pVTZ model, incorporated 

in the GAMESS computational chemistry package [509], followed by harmonic vibrational 

frequency calculations using the Gaussian03 computational package (Figures VIII.1.1 and 

VIII.1.2, Table VIII.1.1, Supplementary Material Table VIII.1.S1) [510]. The optimized 

geometry is a true minimum configuration on the potential energy surface (PES), as any 

imaginary frequencies are found. An infrared (IR) spectrum and a Raman spectrum are 

simulated based on the optimized geometry using the same model, whereas the Hirshfeld 

charges [511], bond orders [512], and the XPS for O 1s and C 1s of the species are simulated 

using the LB94/et-pVQZ//B3LYP/cc-pVTZ model [513,514], which is incorporated in the 

Amsterdam Density Functional (ADF) computational chemistry package [515]. Orbital vertical 

ionization potentials (IPs) are produced using the “meta-Koopman’s theorem” [516] without 

further modification and scaling. Detailed instructions on the generation of the interactive 3D-

PDF structure given in Figure VIII.1.1 are provided in Selvam et al [517]. 
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Table VIII.1.1. Bond orders of the monomer terpinen-4-ol produced using the LB94/Et-PVQZ 

model, indicating that the most likely break bond is the O(6) —C(6) bond, followed by C(5) —

C(6). 

bond bond order bond bond order 

O(6)—C(6) 0.4749 O(6)—H(12) 1.0802 

C(6)—C(1) 0.8842   

C(1)—C(2) 0.9431 C(1)—H(13) 0.9791 

  C(1)—H(14) 0.9075 

C(2)—C(3) 1.1056 C(2)—H(15) 0.9126 

  C(2)—H(16) 0.9479 

C(3)—C(4) 1.9855   

C(4)—C(5) 0.9972 C(4)—H(20) 0.9139 

C(5)—C(6) 0.8367 C(5)—H(21) 0.9074 

  C(5)—H(22) 0.9375 

C(6)—C(7) 0.9733   

C(7)—C(8) 0.8639 C(7)—H(26) 0.9312 

C(7)—C(9) 0.8720   

  C(8)—H(23) 1.0336 

  C(8)—H(24) 0.9711 

  C(8)—H(25) 0.9747 

  C(9)—H(27) 0.9739 

  C(9)—H(28) 0.9693 

  C(9)—H(29) 1.0272 

C(3)—C(10) 0.8834 C(10)—H(17) 0.9656 

  C(10)—H(18) 0.9596 

  C(10)—H(19) 0.9810 
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Figure VIII.1.2. Potential energy scan for terpinen-4-ol with respect to dihedral angle 

H(6)O(6)C(6)C(7). The calculation is based on B3LYP/cc-pVTZ model. Refer to Figure 

VIII.1.1 for atomic labels. 

VIII.1.2.4 Bacterial strains, cultivation and sample preparation 

P. aeruginosa ATCC 9025 used in this study was obtained from the American Type Culture 

Collection (ATCC, USA). Bacterial stock was stored at -80 °C in 20% glycerol nutrient broth 

(Oxoid) and was refreshed on nutrient agar (Oxoid) preceding each experiment.  

In each experiment, a fresh bacterial suspension was prepared from bacterial cells gathered at 

the logarithmic stage of growth as described elsewhere [282]. To ensure consistency between 

bacterial suspensions used in the attachment study, the cell density of each batch was adjusted 

to OD600 = 0.3 with a haemocytometer employed to quantify the cell numbers in the suspensions 

according to the method described by Mather and Roberts [518].  

An aliquot of 100 µL of bacterial suspension was deposited on the surface of each sample (in 

triplicate) of polyterpenol thin films. Unmodified glass substrata and sterile nutrient broth (100 

µL) were also used as a negative control. After being subjected to 18 h incubation at 

temperature of 37 °C, the samples were gently rinsed with copious amounts of MilliQ water 

(18.2 M Ω cm-1) to remove non-attached cells and left to dry at room temperature for 45 min at 

55% humidity. Samples were handled under sterile conditions until just prior to imaging. The 

procedure allowed for the bacterial cells to remain in a semi-hydrated state, as confirmed by 

their morphological appearance, in order to maintain consistency between imaging experiments. 
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VIII.1.2.5 Visualization and quantification of viable cells and EPS 

Simultaneous fluorescence staining was performed on the residual bacterial culture on the 

surface of the samples to monitor the level of production of extracellular substances and to 

enable the visualization of viable bacterial cells retained on the surfaces. Concanavalin Alexa 

Fluor 488 (Molecular Probes Inc.) dye was used as it  selectively binds to α-mannopyranosyl 

and α-glucopyranosyl residues found in EPS and is commonly used in EPS visualization [519]. 

A mass of 5 mg of the dye was dissolved in 5 mL of 0.1 M sodium bicarbonate at pH 8.3 to 

produce the working dye solution. A ratio of 1 part of dye to 5 parts of suspension was used to 

stain the EPS. A 20 µL volume of the dye was added to the bacterial suspension, and incubated 

for 30 min to allow for the even distribution of the stain throughout the sample. After the 30 min 

incubation period, a Vybrant CFDA SE Cell Tracer Kit (Molecular Probe Inc.) was introduced 

into the suspension to stain viable cells. A working dye solution consisted of 1 µL of a 10 mM 

stock solution dissolved in 1000 µL of a 10 mM PBS solution (pH 7) warmed to 37 oC. As was 

the case for the Concanavalin Alexa Fluor 488 dye, a ratio of 1 part of dye to 5 parts of 

suspension was used to stain the live cells by adding 20 µL of working solution to 100 µL of 

suspension and incubating it for 15 min at 37 oC.  Following the incubation period, the samples 

were re-suspended in fresh medium at 37 oC for 30 min and then rinsed with sterilized MilliQ 

water, then left to dry for 2 h at room temperature (ca. 22 ºC, humidity 55%) without additional 

fixation to prevent the deformation of the cells. 

Images were acquired using a confocal scanning laser microscope Olympus FluorView FV1000 

Spectroscopic Confocal System that included an inverted microscope OLYMPUS IX81 [with 

20×, 40× (oil), 100× (oil) UIS objective lenses] operated with multiple Ar, He and Ne laser lines 

(458, 488, 515, 543, 633 nm) and Fluorview FV 6.0 and ImagePro imaging software. The 

volume of presumed EPS and viable cells was quantified by measuring and analyzing the 

intensity integration (counts per second, cps) of a fluorescent dye using FV10-ASW 1.6 

software [520,521]. The total intensity of a biofilm was assumed to be the summation of 

respective EPS and viable cell intensities. For each sample, at least four random locations of 

approximately 126.7 µm × 126.7 µm areas were scanned.  

To quantify 3D biofilm image stacks, the computer software COMSTAT was used [522]. Six 

typical biofilm areas of the bacterial strain on each type of polyterpenol surface were exported 

into a stack of grey-scale 8-bit images by Fluorview FV 7.0. At least ten representative 

images/areas on each type of the surfaces (in duplicate samples) were analyzed. Two 

quantitative parameters of biomass density were used to describe the biofilm formed on the 
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Table VIII.1.2. Assignment of group frequencies for terpinen-4-ol monomer and polyterpenol 

films (experimental and simulation). 

assignment 
group frequency (cm-1) 

monomer 

(Exp) 

polymer 

films 

simulation  

IR spectraa    

Hydroxy group, H-bonded OH stretch 3450 ~3460 3656 

Medial, cis- or trans C-H stretch 3011   

Methyl asymmetric C-H stretch 2963, 2959 2955, 2930 2971, 2970 

Methylene asymmetric C-H stretch   2964, 2961 

Methyl symmetric C-H stretch 2880 2875 2886 

Methylene symmetric C-H stretch 2851  2910 

Alkenyl C=C stretch 1678, 1629 ~1660 1660 

Methylene C-H bend 1463  1460 

Methyl C-H asymmetric bend 1444 1459 1434 

Symmetric C-H bend 1376 1380 1354 

Primary or secondary, OH in-plane bend 1303  958 

Methylene skeletal C-C vibrations 1300-700   

C-O stretching of alkyl-substituted ether 1128, 1070, 

1050 

1150, 1050 862 

Tertiary alcohol, C-O stretch 1157   

Primary alcohol, C-O stretch 1050   

Cyclohexane ring vibrations 1050, 1026, 

948, 924 

  

Alcohol, OH out-of-plane bend 685   

Raman spectra    

C=C stretch 1640  1643 

Methylene C-H bend 1450  1426 
a The scaling factor for IR spectrum is 0.96and for Raman spectrum is 0.95 

There was a substantial reduction in the magnitude of the H-bonded O–H stretch related band 

for all polymer spectra, with the peak size decreasing as the deposition power increased. 

Similarly, the absorptions corresponding to methyl C-H asymmetric and symmetric stretching 

(around 2955, 2930, and 2875 cm-1) and bending (around 1459 and 1380 cm-1) showed a 

diminution in magnitude with higher input RF power. Infrared bands associated with the 

unsaturated C=C–H moiety between 3150 and 3000 cm-1 disappeared even at the lowest of the 

deposition powers (10 W). A relatively strong experimental peak at 1707 cm-1 appeared, which 
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was not found on the simulated monomer spectrum, and this indicates the presence of saturated 

carboxylic acid (C = O stretch). Bands at 1150 and 1050 cm-1 were characteristic of C – O 

stretching of an alkyl-substituted ether.  

The Raman spectra ( Figure VIII.1.4) confirmed the peak intensity shrinkage or disappearance 

of some peaks as the deposition power is increased suggesting that structural changes of the 

monomer were taking place and that the polyterpenol thin film is being confined on the surface.  

(a)  

(b)  

Figure VIII.1.4. a) Comparison of simulated Raman spectrum of terpinen-4-ol (gas phase, 

black) with experimental Raman spectrum (liquid, red). The simulated Raman spectrum is 

produced using the B3LYP/cc-pVTZ model. A scale factor of 0.96 has been applied. b) 

Comparison between experimental Raman spectra of terpenin-4-ol and polymer thin films 

fabricated from the monomer at 0 W (control), 10 and 25 W RF deposition power. 



 

XPS analysis confirmed that carbon and ox

at. %), with Si, Zn and N present in trace amounts (below 1%) and regarded as negligible 

(Figure VIII.1.5). Simulated and experimental core ionization potentials are presented in 

VIII.1.3.  

Figure VIII.1.5 . A wide scan of XPS spectrum (top panel) and C 1s, O 1s, N 1s and Si 2p XPS 

spectra collected for polyterpenol film fabricated at 25 W RF power.
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Table VIII.1.3.  Comparison of simulated XPS vertical core ionization potentials (IPs) of 

terpinen-4-ol monomer (gas phase) with experiment (thin film under 25 W). 

atomic site IPs (eV) IPs (eV) expt 

O-K O(6) 534.36 532.70 

C-K C(1) 289.27 285.0 

 C(2) 289.50 285.0 

 C(3) 289.55 285.0 

 C(4) 289.15 285.0 

 C(5) 289.41 285.0 

 C(6) 291.05 285.0 

 C(7) 289.54 286.4 

 C(8) 288.84 285.0 

 C(9) 288.82 285.0 

 C(10) 289.36 285.0 

 

Figure VIII.1.6. Comparison of simulated and experimental X-ray photoelectron spectra (XPS) 

of C1s. The experimental XPS of C1s is in thin film with 25 W, whereas as the simulated XPS 

of C1s is in gas-phase without power. The simulated spectrum is based on the LB94/et-

pVQZ//B3LYP/cc-pVTZ model. A global red shift of 4.30 eV is applied to the simulated to 

minimize the systematic energy shift due to the work function. The C1s XPS indicates that the 

chemical structure of the thin film under this condition is not very different from its gas phase 

monomer structure. 
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Contamination originating from the glass substrata and ambient air were determined to be the 

most likely contributors of Si, Zn, and N respectively. The high-resolution XPS C1s spectrum 

appears to be comprised of contributions from carbon atoms in at least four bonding 

environments (Figure VIII.1.6) with the most prominent peak attributable to a hydrocarbon 

species (BE = 285.0 eV). The remaining three peaks at binding energies of 286.4, 287.7, and 

289.1 eV were assigned to functional groups with increasing bonding to oxygen, namely C – O, 

C = O and O – C = O species respectively.  

The N1s spectrum has been fitted to two chemical states, with the peak at the lower binding 

energy (BE = 400.0 eV) attributed to nitrogen atoms bonded to carbon, in either amine or amide 

functional groups. The second component of N1s spectrum possesses a bonding energy (BE = 

402.1 eV) between that observed for positively charged N atoms bonded to C, and for NO2 

species. It is assigned to nitrogen atoms bonded to a single oxygen atom, as few of such species 

that have been analyzed by XPS are reported to have BEs in the same region. The width of the 

O1s spectrum suggests that it is also made up of contributions from more than one chemical 

state of the element (Figure VIII.1.7). However, the spectrum appears as a single peak, with no 

obvious fine structure to assist fitting. Almost all of the contributions are likely to come from 

the various functional groups containing oxygen bonded to carbon, but there is a great deal of 

overlap in the O1s BEs reported for these species. The Si2p spectrum contains contributions 

from a single Si species at BE = 102.0 eV which is within the range observed for Si atoms 

bonded to O, as occurs not only in inorganic silica and silicates, but also in organic siloxanes. 

A comparison of physico-chemical surface attributes of the two different polyterpenol films is 

presented in Table VIII.1.4. The water contact angle θW increased from approximately 63o to 

69o for films deposited at 10 W and 25 W respectively, indicating the application of higher RF 

deposition power resulted in a more hydrophobic film surface compared to those prepared from 

lower power deposition. Although the differences in water contact angle for samples deposited 

at different powers are statistically significant (p<0.05), this is not the case for the ethylene 

glycol and diiodomethane. The glass substrata used in the study are highly hydrophilic, with 

prevalence of electron donor components due to hydroxyl groups (-OH) present on the glass 

surface [523]. For all polyterpenol film samples,  γ−>>γ+ indicating the electron donor capability 

of the surface, with the 10 W samples displaying a higher electron donating tendency compared 

to the 25 W samples.  The total surface free energy was found to be similar and independent of 

the deposition power. 
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Figure VIII.1.7. Comparison of simulated and experimental X-ray photoelectron spectra (XPS) 

of O1s. The experimental XPS of O1s is in thin film with 25W, whereas as the simulated XPS 

of C1s is in gas-phase without power. The simulated spectrum is based on the LB94/et-

pVQZ//B3LYP/cc-pVTZ model.  A global red shift of 1.34 eV is applied to the simulated to 

minimize the systematic energy shift due to the work function. 

Table VIII.1.4 . Comparative evaluation of physico-chemical properties of polyterpenol thin 

films surfaces fabricated at different RF power and correspondent numbers of P. aeruginosa 

cells. 

  Glass 10 W 25 W 

contact angle (degrees)    

θW
a 8.3±0.7 62.7±4.0 68.7±3.1 

θEG 26.5±1.3 59.8±2.4 58.7±0.5 

θD 43.8±0.8 38.2±0.8 38.1±0.8 

surface free energy (mJ/m2)    

γ
LWb 37.6 40.5 40.5 

γ
AB 1.54 9.30 5.40 

γ
+ 0.01 0.7 0.4 

γ
- 73.6 30 20.6 

γTOT 39.2 49.8 45.9 

percentage of attached cells, [%] 0.38 ± 

0.14 

0.040 ± 0.002 0.37 ± 0.11 

retained cellsc × 105, [number of cells per mm2]   4.95 ± 

1.83 

0.50 ± 0.02 4.79 ± 1.41 
a W water; EG ethylene glycol; D diiodomethane; b Surface free energies components: Lifshitz-van der Waals (γLW), acid/base (γAB), 

electron acceptor (γ+) and electron donor (γ-) components; c Cell densities have estimated errors of approximately 15-20% due to 

local variability in the surface coverage. 
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The surface topography of the polyterpenol films was investigated by means of AFM. 

Irrespective of deposition power, polymer films were found to be smooth, uniform and pinhole 

free (Figure VIII.1.8), suggesting that the polymerization occurred predominantly on the surface 

of the glass substratum rather than in the gas phase [326]. Surfaces of the films deposited at 25 

W exhibited slightly higher average (Ra) and RMS (Rq) surface roughness parameters compared 

to those samples fabricated at 10 W; Ra increased from 0.39 to 0.42 nm and Rq from 0.51 to 0.52 

nm. The values obtained as a result of this analysis were in agreement with the roughness 

estimates determined by means of ellipsometry. A similar trend was also noted for the 

maximum peak height (Rmax), with an increase from 5.1 to 5.3 nm observed for samples 

deposited at 10 W and 25 W, respectively. A statistical analysis of the Ra and Rq data obtained 

for the polyterpenol thin films showed that there was no significant difference between the 

roughness of the films fabricated at 10 W and 25 W RF power (p > 0.05).  

a)   b)  

Figure VIII.1.8. Typical surface morphology of polyterpenol thin films deposited at 10 and 25 

W RF fabrication power as inferred from 3D AFM images. 

All polymer surfaces displayed a surface skewness (Rskw) greater than 0 and coefficient of 

kurtosis (Rkur) less than 3, i.e. the Rskw values highlight a disproportionate number of peaks 

pertinent to the polyterpenol surfaces; and the Rkur values indicate the surfaces with well spread 

out height distribution [359,360]. There was a subtle change in surface topography of the 

samples with films manufactured at lower RF powers, displaying broader, more rounded peaks 

and valleys while samples deposited at higher RF powers exhibiting narrower, sharper peaks. 

Such a change was reflected in the Rskw and Rkur values increasing from 0.54 to 0.60 and from 

0.64 to 0.71 for samples deposited at 10 W and 25 W respectively, although it was not found to 

be statistically significant (p > 0.05). 
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3.2 Antibacterial activity of polyterpenol film 

cells attachment response on the polyterpenol films after 18 h incubation was 

visualized using SEM and CSLM imaging, and statistically analyzed (Table

P. aeruginosa growth on the glass and polyterpenol thin films 

W RF deposition power after 18 h incubation. SEM images (left) represent an 

overview of the attachment patterns taken at x500 magnification, bars = 20 µm; inserts are 
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surfaces presented in the graph was quantified using COMSTAT (n = 6, * 

considerable inhibition of bacterial growth on polyterpenol thin films fabricated at 10 W RF 

The attachment pattern of P. aeruginosa was found to be markedly different on the two types of 

polyterpenol film. In particular, the polyterpenol films fabricated under 10 W RF power 

conditions exhibited antibacterial inhibitory properties; varying quantities of EPS were also 

detected around bacterial cells. The number of P. aeruginosa cells attached to the polyterpenol 

s fabricated under 10 W RF power conditions was significantly lower (Figure VIII.1.9) than 

those detected on glass or the polyterpenol films fabricated under 25 W RF power conditions. 
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s fabricated under 10 W RF power conditions was significantly lower (Figure VIII.1.9) than 

those detected on glass or the polyterpenol films fabricated under 25 W RF power conditions. 

cells revealed the different cell morphology while the cells 
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were undergoing attachment to the polyterpenol films surfaces, with larger P. aeruginosa cells 

being present on the surface of glass and the polyterpenol films fabricated under 25 W RF 

power conditions, most likely as a result of the lack of inhibitory effect. The P. aeruginosa cells 

also produced significantly more EPS when they attached to glass and the polyterpenol films 

fabricated under 25 W RF power conditions. 

VIII.1.4 Discussion 

The nature of the gas-phase and surface-related terpinen-4-ol plasma reactions depend on the 

plasma polymerization operating conditions used during the deposition process. In the course of 

plasma enhanced synthesis, the terpinen-4-ol monomer is fragmented, with the degree of 

fragmentation being closely related to the applied level of the RF input power. Electron-

generated dissociation of the terpinen-4-ol, rather than thermal excitation or  direct chemical 

reaction [322], produces the chemically reactive species that are involved in the polymerization 

process and subsequent polyterpenol thin film formation. Concurrently, a recombination process 

is taking place inside and outside plasma region. Since terpinen-4-ol  possesses functionality 

associated with conventional polymerization (such as unsaturation), the molecule undergoes a 

more complex recombination process that combines the conventional polymerization with 

fragment-recombination mechanisms triggered by the plasma-created and surface-attached 

reactive species, such as ions and free radicals [320], the resultant polymer-like structure may 

possess chemical and physical properties notably different from those of its precursor, with a 

significant amount of incomplete bonds (free radicals trapped in a three dimensional network) 

being present [322].  

Based on the chemical structure of terpinen-4-ol molecule, computer simulations were 

performed to predict the likely radicals that would form in the course of plasma-enhanced 

monomer decomposition. FTIR and Raman spectra and the XPS spectra for O1s and C1s of the 

species were simulated using the B3LYP/cc-pVTZ model, and the results of the modelling were 

compared to the respective FTIR, XPS and Raman spectra for the polyterpenol film surfaces.  

These results were then used to interpret the extended film properties, such as their chemical 

composition and surface characteristics, and these properties were correlated with the plasma 

deposition conditions.  

Examination of the data obtained showed that the polyterpenol films fabricated at 10 W and 25 

W RF power were predominantly hydrocarbon in nature, with oxygen-containing groups being 

present within the structure in the form of alcohol and carboxylic acid groups (Tables VIII.1.2-

3, Figures VIII.1.3-7). As demonstrated by molecular simulation, under the RF plasma field 
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conditions, the monocyclic alcohol of the original terpinen-4-ol monomer may undergo a 

transformation (Figures VIII.1.6 and Table VIII.1.1), whereby some bond structures associated 

with vertices C(6), C(7) and C(3), such as C(6)−OH and C(6)-C(7) may dissociate  to form 

fragments, and the C(3)=C(4) double bond may become saturated to produce C(3)−C(4). These 

changes potentially alter the chemical and physical behaviour of the resulting polyterpenol 

films, and most importantly, the extent of the antibacterial activity. The differences in chemical 

composition of the resulting polyterpenol films, such as lower oxygen and higher hydrocarbon 

content for polymers fabricated at 25 W compared to that of the 10 W RF power can be 

attributed to a greater degree of fragmentation of the terpinen-4-ol molecule. Deposition at 10 

W RF power resulted in a greater level of preservation of the configuration of functional groups, 

i.e.  –OH, and double bonds, in the polymer film.  

Such preservation of functionalities in plasma polymers deposited at low power has been widely 

described in literature and is attributed to the activation with lower fragmentation rates 

compared to films fabricated at higher input powers [340,524,525]. Using a similar capacitively 

coupled RF plasma reactor, Lopez and Ratner demonstrated that weakly ionized plasmas, and 

relatively low substrate temperature, encourage preferential condensation and adsorption of 

non-excited gaseous species and subsequent incorporation of increased number of non- 

fragmented molecules or slightly fragmented precursors in the growth region of the film [339]. 

It is believed that the above process is responsible for preservation of chemical functionalities in 

polyterpenol samples fabricated at lower input power. As carbon-oxygen and oxygen-hydrogen 

bonds are polar, polymer structures containing these functionalities are likely to exhibit greater 

hydrophilicity and hence biocompatibility compared to the more hydrophobic polymers that are 

hydrocarbon-rich [526]. 

Our analysis of surface wettability confirmed that the application of higher RF deposition power 

resulted in increased surface hydrophobicity (from θW = 63o to θW = 69o).  This reported 

tendency agrees with previously published results for polymer thin films deposited by means of 

RF plasma polymerization, and is attributed to a decrease in the oxygen content and thus the 

hydrophilicity of the fabricated polymers [526]. FTIR spectra further confirmed this 

observation, showing a significant decrease in the intensity of the peak attributed to the 

hydroxyl group. The values of the total surface free energy, however, remained similar ranging 

between 31 and 35 mJ/m2 (p > 0.05). Also there was no significant difference in roughness 

parameters or surface topography between samples deposited at different RF powers. 

Morphological examination of polymer films revealed smooth, uniform and pinhole free 

surfaces [336].  
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VIII.1.5 Conclusions 

The differences in growth of P. aeruginosa are most likely controlled by the differences in the 

surface chemistry of the respective polyterpenol films. The extent of bacterial attachment and 

EPS production increased as the polyterpenol films became more hydrocarbon dense, 

containing less hydroxyl groups. Since surface free energy values and surface topographic and 

morphological profiles did not appear different for the samples deposited at 10 W and 25 W RF 

power, such parameters cannot account for the difference in attachment behaviour of the studied 

bacterial strain. In the course of film deposition, plasma generated carbon-carbon scission leads 

to formation of a wide array of oxygen containing functional groups such as C–O, C=O or 

COOH at the surface of the polymer, with the 10 W sample possessing a significantly larger 

amount of oxygen containing functionalities compared to the sample deposited at 25 W. These 

functional groups can actively associate with functionalities present on the bacterial wall, 

suppressing cell biosynthesis, and disrupting the transport across the cell wall and causing a loss 

of membrane integrity. Such processes result in an increase in passive flux of protons across the 

membrane and consequent dissipation of the proton motive force, which accelerates the death of 

the pathogen. 

The results of molecular modelling, confirmed by the experimental data, suggested that the 

hydroxyl group concentration may be the most affected during plasma treatment followed by 

the fragmentation of the monomer. The 10 W RF power deposition plasmas were likely to 

favour condensation and incorporation of monomer molecules with low degrees of 

fragmentation. Therefore, the preservation of the original terpinen-4-ol monomer structures in 

the bulk of the polyterpenol film matrix is responsible for the inhibitory effect of the 

polyterpenol films. Thus, RF power of 10 W can be employed for the fabrication of 

polyterpenol films of 500 nm thickness with an inhibitory effect on the growth of P. aeruginosa. 

The retention of the polyterpenol films’ antibacterial characteristics is due to the preservation of 

intact terpinen-4-ol on the surface of the polyterpenol thin films.  
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Table S1. Geometric properties of monomer terpinen

 

 

 

Properties 

Ring perimeter R6 (Å) 

H-bond length  (Å) – a 

                               b 

                               c 

                               d 

                               e 

Dihedral angles 

∠C(6)C(1)C(2)C(3) (O) 

∠C(6)C(5)C(4)C(3) (O) 

∠C(8)C(7)C(6)C(1) (O) 

∠C(9)C(7)C(6)C(1) (O) 

∠C(10)C(3)C(2)C(1) (O) 

∠H(12)O(11)C(6)C(7) (O) 

Dipole moment (Debye) 
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Supplementary Information 

Geometric properties of monomer terpinen-4-ol calculated using B3LYP/cc

 

terpinen-4-ol   

8.96  

2.58 

2.63 

2.57 

2.70 

2.80 

 

44.04 

-16.3 

55.5 

-58.8 

167.72 

162.6 

1.75 

ulated using B3LYP/cc-pVTZ. 
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VIII.2  EFFECT OF SURFACE PROPERTIES OF POLYTERPENOL ON 
BACTERIAL VIABILITY AND ADHESION 

Abstract 

The nanometer scale surface topography of a solid substrate is known to influence the extent of 

bacterial attachment and their subsequent proliferation to form biofilms. As an extension of our 

previous work on the development of a novel organic polymer coating for the prevention of 

growth of medically significant bacteria on three-dimensional solid surfaces, this study 

examines the effect of surface coating on the adhesion and proliferation tendencies of 

Staphylococcus aureus and compares to those previously investigated tendencies of 

Pseudomonas aeruginosa on similar coatings. Radio frequency plasma enhanced chemical 

vapor deposition was used to coat the surface of the substrate with thin film of terpinen-4-ol, a 

constituent of tea-tree oil known to inhibit the growth of a broad range of bacteria. The presence 

of the coating decreased the substrate surface roughness from approximately 2.1 nm to 0.4 nm. 

Similar to P. aeruginosa, S. aureus presented notably different patterns of attachment in 

response to the presence of the surface film, where the amount of attachment, extracellular 

polymeric substance production, and cell proliferation on the coated surface was found to be 

greatly reduced compared to that obtained on the unmodified surface. This work suggests that 

the antimicrobial and antifouling coating used in this study could be effectively integrated into 

medical and other clinically relevant devices to prevent bacterial growth and to minimize 

bacteria-associated adverse host responses. 

Keywords: nanoarchitecture; plasma polymerization; terpinen-4-ol 
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VIII.2.1 Introduction  

Biomaterial-associated infections remain a major hindrance to the long-term utilization of most 

implanted or intravascular devices, including orthopaedic prostheses, artificial valves, urinary 

tract and cardiovascular catheters, intraocular lenses and dentures [1,2]. Bacterial attachment 

and subsequent biofilm formation frequently results in indwelling device related infections and 

device failure [3,4]. In their biofilm state, bacteria are less susceptible to host defence 

mechanisms and systemic antibiotics, and also to detachment due to flow conditions. The 

presence of these biofilms can often cause an infection, often requiring the surgical removal of 

the infected device [5]. The mechanism of bacterial adhesion is complex, with initial reversible 

physicochemical interactions being followed by intricate irreversible molecular and cellular 

interactions. When the distance between the bacterial cell and other cells or abiotic surfaces is 

larger than 50 nm, the interactions between these two entities are nonspecific and are directly 

related to the distance and the dispersive component of free energy characteristics pertinent to 

these two surfaces [6]. The nature of these forces, i.e., whether they are attractive or repulsive, 

will either facilitate the bacterial attachment or prevent the cell from engaging into the 

molecular or cellular phase of adhesion. When the distance separating these surfaces becomes 

less than 5 nm, chemical interactions such as hydrogen bonding, ionic and dipole interactions, 

hydration and/or hydrophobic interactions become significant, often resulting in a more stable 

adhesion between the microorganism and the surface [7]. Various polymeric structures such as 

capsules, fimbriae, pili, and slime that can be present on the surface of the bacterial cell engage 

in the molecular specific irreversible reactions with the chemical features of the tissue or abiotic 

surface. Therefore, in order to effectively control the attachment and adhesion of the cells to the 

surfaces, it is imperative to understand the surface properties and the physicochemical 

interactions associated with the initial events of cell adhesion. An obstacle to obtaining this 

understanding is that the relative contributions of the molecular and physical interactions that 

govern bacterial adhesion to biomaterials are yet to be fully interpreted.  

There is much debate as to the extent to which the nanometer scale surface topography of a 

solid substrate influences bacterial adhesion and their subsequent proliferation to form biofilms 

[8,9]. Investigations on the adhesion of Pseudomonas aeruginosa to poly(methyl methacrylate) 

contact lenses identified that surfaces with a root-mean-square (RMS) roughness parameter of 

14 nm or above tended to experience an increased extent of micro-organism attachment [10]. 

Other studies on the attachment preferences of human pathogens P. fluorescens and 

Staphylococcus aureus have demonstrated that the topography of micro-rough titanium surfaces 

can influence the extent of cell attachment and growth, with cells showing propensity for 
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growth in the trenches of the surface in long rows [11,12], whilst the attachment response of 

these bacteria towards smooth surfaces did not follow a distinct pattern [11,13]. A few early 

studies reported that surface roughness was a ‘minor factor’ in the attachment mechanism of 

bacteria, in that the bacteria displayed no preference for adhesion to surface features such as 

scratches or grooves [8,9]. However, preferential adherence of bacteria to grooved and braided 

surfaces was found by Scheuerman et al., who attributed this increased attachment propensity as 

being due to the presence of an increased surface area [13]. More specifically, in situations 

where the size of the surface features was comparable to the size of the bacterium, the bacteria-

surface contact area is at a maximum and hence the binding potential of the bacteria was 

increased [14]. In cases where the surface features were significantly smaller than the bacterial 

size, the contact area was reduced, resulting in a reduced extend of binding [15]. The level of 

extracellular polymeric substance (EPS) production and bacterial cell morphology have also 

been shown to be affected by the surface architecture [11,16,17]. Nano-patterning of gold 

surfaces has been demonstrated to enhance the localized attachment of P. fluorescens in the 

trenches of the surfaces compared to that obtained using native gold surfaces, with cells 

showing limited EPS production and reduced cell size compare to those attached onto non-

nano-patterned surfaces [11]. Our recent investigation on the effect of surface roughness on the 

attachment behaviour and production of extracellular polymeric substances for the Gram-

positive coccoid pathogen, S. aureus, and Gram-negative rod shaped bacterium, P. aeruginosa, 

have shown that both pathogens exhibit a greater propensity for adhesion to glass and polymer 

surfaces that are smooth on the scale of nanometers, resulting in elevated cellular metabolic 

activity, augmented production of extracellular polymeric substances, and increased number of 

bacterial cells undergoing attachment [17-19]. 

Numerous surface modification techniques, such as radio frequency (RF) plasma modification, 

surface abrasion, chemical coating, and chemical grafting can be employed to change surface 

properties of the substrate so as to inhibit or promote bacterial adhesion and biofilm formation 

[20-26]. In this context, the present study is an extension of our previous work on the 

development of a novel organic polymer coating for the prevention of growth of medically 

significant bacteria on three-dimensional solid surfaces. In this study, the effect of surface 

coating with terpinen-4-ol on the adhesion and proliferation tendencies of S. aureus were 

examined and compared to those previously reported for P. aeruginosa. The surfaces of 

substrates were modified by the fabrication of a polyterpenol thin film derived from terpinen-4-

ol using RF plasma enhanced chemical vapour deposition. Terpinen-4-ol is a constituent of tea-

tree oil and its monomer (liquid) form is known to inhibit growth of a broad range of bacteria 

[27-30]. Surfaces of coatings produced from terpinen-4-ol are known to be smooth on the scale 
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of nanometers and defect free, with good adhesion to the substrate and good stability [31-34]. 

Since previous studies have shown S. aureus and P. aeruginosa to preferentially attach and adhere 

to surfaces that are smooth on the nanometer scale, this study examines the influence of surface 

architecture on the antifouling properties of the polyterpenol coating.  

VIII.2.2 Experimental 

Modification of the surface of glass substrates was achieved using radio frequency plasma 

enhanced chemical vapour deposition (RF-PECVD) of a thin layer of polymer coating using 

terpinen-4-ol (Australian Botanical Products, Ltd.) as a precursor. The detailed account of the 

experimental set-up and deposition procedure is outlined elsewhere [31]. Briefly, the RF energy 

(13.56 MHz) was delivered into a custom-designed glass deposition chamber by means of two 

capacitively coupled copper electrodes. Glass substrates (BioLab Scientific, Ltd.) were pre-

washed in a 1:5 solution of Extran and distilled water, ultrasonically cleaned using distilled 

water heated to 50 °C for 30 min, rinsed with propan-2-ol and dried. Cleaned substrates were 

then placed into the deposition reactor, which was then evacuated to 200 mTorr, flushed with 

argon for 1 min to ensure that the substrates possessed an oxygen-free surface. The chamber 

was then evacuated to achieve a pressure of 50 mTorr. The terpinen-4-ol vapour was released 

gradually into the chamber and the glow was maintained by controlling the monomer flow [32]. 

Deposition was performed in two stages at room temperature and pressure of 200 mTorr. First, 

to improve the strength of adhesion between the coating and the substrate, a 100 nm layer of 

polyterpenol thin film was deposited using input power of 75 W. Then, a functional coating was 

deposited from terpinen-4-ol under 10 W or 25 W RF power for 10 min to achieve films of 

approximately the same thickness.  

The roughness parameters of both the native and coated glass surfaces were quantitatively 

analysed using an atomic force microscope (AFM) (NT-MDT) in semi-contact (tapping) mode, 

using (NSC05, NT-MDT) cantilevers with a spring constant of 11 N/m, tip radius of curvature 

of 10 nm, aspect ratio of 10:1 and resonance frequency of 150 KHz. 3-D interactive 

visualization and statistical approximation was used to analyse the topographic profiles of the 

surfaces. Scanning was performed perpendicular to the axis of the cantilever at a rate of typically 

1 Hz, with the scan areas of 1 µm × 1 µm and 10 µm × 10 µm. At least five samples for the 

surfaces of each condition have been investigated. 

In addition to the surface morphology, surface chemical characteristics were also determined. 

The chemical composition of the surface before and after coating was analysed by means of X-

ray photoelectron spectroscopy (XPS). XPS was performed using an Axis Ultra spectrometer 
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(Kratos Analytical Ltd., UK), equipped with a monochromatic X-ray source (Al Kα, hν = 

1,486.6 eV) operating at 150 W, as described elsewhere [34]. Using the Kratos Vision II 

software, peaks in the high-resolution regions of spectra were fitted with synthetic Gaussian-

Lorentzian components. Surface wettability was determined from contact angle measurements 

using (KSV 101) employing the sessile drop method [51-54].  

Prior to each experiment, a fresh bacterial suspension of OD600 nm = 0.3 was prepared from 

P. aeruginosa ATCC 9025 and S. aureus CIP 68.5 cells grown in nutrient broth (Oxoid) at room 

temperature (~22 °C) for 24 h. A portion of 100 µL of bacterial suspension was deposited onto 

the surface of each sample (in triplicate). Sterile nutrient broth (100 µL) was used as a negative 

control. After incubation for 18 h at 37 °C, all of the samples were gently washed with copious 

amounts deionised water and left to dry at room temperature for 45 min at 55% humidity. A 

FeSEM-ZEISS SUPRA 40VP was used to obtain high-resolution images of the bacterial cells. 

Just before imaging, all slides were gold coated in order to achieve better conductivity. Separately, 

concanavalin A Alexa 488 dye (Molecular Probes Inc.) was used to label the extracellular 

polysaccharide (EPS) produced by the bacteria while attaching to the surfaces. After incubation, 

all samples were washed with sterilized nanopure water and carefully stored until being 

analysed at room temperature (~22 °C). The confocal scanning laser microscope (CSLM) 

Olympus Fluoview FV1000 Spectroscopic Confocal System was used [34]. Excitation and 

emission wavelengths for concanavalin A are 495 nm and 519 nm, respectively. Also, viability of 

attached bacterial cells was determined using Live/Dead® BacLightTM Viability kit (L7007, 

Invitrogen). The staining was carried out according to the manufacturer’s protocol.  

Using a First Ten Angstroms (FTA200) instrument, sessile drop contact angle measurements 

were performed on the lawns of bacterial cells to estimate the surface wettability of the bacterial 

samples. Bacterial cells were washed three times and then suspended in a buffer (OD450 = 0.4). 

A bacterial lawn was formed by depositing the bacterial suspension onto cellulose acetate 

membrane filters (Sartorius, pore diameter 0.2 µm), which were then sufficiently dried at 

ambient temperature prior to measurement of the contact angle to reach “plateau state”, whereby 

stable water contact angles can be measured over time. The contact angle of the water droplets 

deposited onto the bacterial lawns was recorded using a charge-coupled device (CCD) camera. 

Images were digitally saved and analysed using the image analysis software (v 1.961; Folio 

Instruments Inc.).  

For the electrophoretic mobility measured using a zeta potential analyser (ZetaPALS, 

Brookhaven Instruments Corp.), the bacterial cells were harvested by centrifugation for 5 min at 
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5,000 rpm after 24 h of incubation. Harvested cell pellet was re-suspended in 10 mM potassium 

chloride (KCl) followed by further washing and centrifugation. This step was repeated four 

times and finally the cells were re-suspended in 10 mM KCl solution to OD (600 nm) = 1. The 

resultant solution of bacterial cells was further diluted 1,000 times in 5 mL of 10 mM KCl. 

Measurements were conducted in electric field 2.5 V cm−1 and 2 Hz. All measurements were 

done in triplicate and for each sample the final EPM quoted represented the average of five 

successive ZetaPALS readings, each of which consisted of 14 cycles per run. 

VIII.2.3 Results 

VIII.2.3.1 Surface Characterization 

As indicated by the analysis of the high resolution atomic force microscope (AFM) images  

(Figure VIII.2.1), the surface topography of the glass substrates was altered at the nanometer 

scale by the application of thin polymer coating. The key parameters of the surface topography 

are summarized in Table VIII.2.1 and confirmed by a statistical analysis of the surface 

roughness parameters of polyterpenol thin films fabricated under 10 W and 25 W RF power 

conditions. The surfaces were described in terms of such roughness parameters as the average 

surface roughness (Ra) which is related to the average/absolute deviation of the surface 

irregularity from the mean line over one sampling length, the root-mean-square roughness (Rq) 

or RMS calculated as the standard deviation of the distribution of surface height, and the peak-

to-peak roughness (Rmax) which describes the vertical distance between the highest peak and the 

lowest valley along the assessment length of the surface profile.  

Independent of deposition power, the average surface roughness (Ra), root mean square 

roughness (Rq), and peak-to-peak roughness (Rmax) appeared to be statistically significantly 

lower (p < 0.05) on the coated glass substrates for both deposition conditions compared to 

unmodified glass (Table VIII.2.1). Notably, polyterpenol thin films deposited by means of RF 

plasma polymerization were confirmed to be smooth, defect free and homogenous, in agreement 

with a previously published report [32]. Amongst polyterpenol films, coatings fabricated at 25 

W were characterized by lower average (Ra) and RMS (Rq) surface roughness parameters, and 

peak-to-peak roughness (Rmax) compared to those deposited at 10 W, with the difference being 

statistically significant (p < 0.05). The observed reduction in roughness is expected for plasma 

polymer films deposited at higher RF power due to increased degree of fragmentation 

associated with higher energy of the plasma field. The surface skewness (Rskw) and coefficient 

of kurtosis (Rkur) values were determined to be independent of the input power during the 

coating of the substrate. Both types of polyterpenol coatings displayed a surface skewness (Rskw) 



 

of approximately or just above 0 and coefficient of kurtosis (

values describe a proportionate number of peaks and valleys pertaining to the polyterpenol 

surfaces; and the Rkur values signify the surfaces with well spread height distribution [35,36]. 

Figure VIII.2.1. Typical two

surface profiles of glass (a

10 W (b and e, respectively) and 25 W (

10 µm scanned area. 
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of approximately or just above 0 and coefficient of kurtosis (Rkur) values of ~3,

roportionate number of peaks and valleys pertaining to the polyterpenol 

values signify the surfaces with well spread height distribution [35,36]. 

Typical two-dimensional (2D) atomic force microscope

a and d, respectively) and polyterpenol thin film surfaces fabricated at 

, respectively) and 25 W (c and f, respectively) from an approximately 10 

) values of ~3, i.e., the Rskw 

roportionate number of peaks and valleys pertaining to the polyterpenol 

values signify the surfaces with well spread height distribution [35,36].  

 

atomic force microscope (AFM) images and 

, respectively) and polyterpenol thin film surfaces fabricated at 

, respectively) from an approximately 10 µm × 
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Table VIII.2.1. Surface hydrophobicity, surface tension, surface free energy, and atomic 

force microscope (AFM) analysis of the roughness parameters for the modified and 

substrate (glass) surfaces. 

 Substrate Polyterpenol 10 W Polyterpenol 25 W 

 Scanning areas (µm) 

Roughness parameters  

(nm) ± SD 
1 × 1 10 × 10 1 × 1 10 × 10 1 × 1 10 × 10 

Maximum peak height Rmax 8.5 ± 1.0 30.5 ± 2.6 2.3 ± 0.2 17.5 ± 3.4 1.2 ± 0.2 3.6 ± 0.8 

Average roughness Ra 0.4 ± 0.1 2.0 ± 0.1 0.3 ± 0.1 1.3 ± 0.3 0.1 ± 0.02 0.2 ± 0.03 

Root Mean Square Rq 0.6 ± 0.1 2.1 ± 0.1 0.3 ± 0.1 1.6 ± 0.3 0.2 ± 0.03 0.4 ± 0.03 

Surface skewness Rskw 3.2 ± 0.4 0.3 ± 0.1 −0.1 ± 0.1 −0.6 ± 0.1 0.1 ± 0.02 −0.04 ± 0.3 

Coefficient of kurtosis Rkur 21.9 ± 1.7 5.3 ± 0.5 3.0 ± 0.3 3.1 ± 0.1 2.9 ± 0.1 3.4 ± 0.4 

Contact angle (°)    

θW
a 8.3 ± 0.7 62.7 ± 4.0 68.7 ± 3.1 

θEG 26.5 ± 1.3 59.8 ± 2.4 58.7 ± 0.5 

θD 43.8 ± 0.8 38.2 ± 0.8 38.1 ± 0.8 

Surface tension (mJ/m2)    

γ
LWb 37.6 40.5 40.5 

γ
AB 1.54 9.3 5.4 

γ
+ 0.01 0.7 0.4 

γ
- 73.6 30 20.6 

γTOT 39.2 49.8 45.9 

W, Water; EG, ethylene glycol; D, diiodomethane; Surface free energies components: Lifshitz-van der Waals (γLW), 

acid/base (γAB), electron acceptor (γ+) and electron donor (γ-) components. 

Since the attachment of bacterial cells can be influenced by surface morphology of the substrate 

both on the nanometer and micrometer scale, for each sample type, the roughness data was 

estimated separately from 1 µm × 1 µm and 10 µm × 10 µm scanning areas, and the respective 

parameters were compared. For polyterpenol films deposited at 10 W, the value for the average 

(Ra) roughness estimated using 10 µm × 10 µm scanning data was approximately 5.25 times 

higher compared to Ra value obtained from 1 µm × 1 µm scans. At 1.58 nm, the RMS (Rq) 

roughness was also ~5 times higher when estimated from 10 µm × 10 µm scanning area than that 

determined using the data from 1 µm × 1 µm scans, at 0.32 nm. The maximum peak height (Rmax) 

surface parameter was also 7 times higher when inferred using 10 µm × 10 µm, at 17.5 nm, 

compared to 2.25 nm attained from 1 µm × 1 µm scans. Although to a lesser extent, similar 
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variation in roughness values obtained from 1 µm × 1 µm and 10 µm × 10 µm scanning areas 

were observed for polyterpenol films fabricated at 25 W, with the values calculated from larger 

scanning areas ~1.8 and 2.4 times higher in the case of average (Ra) and RMS (Rq) roughness, 

respectively, and 2.9 times higher for maximum peak height (Rmax) compared to those estimated 

from 1 µm × 1 µm scans. For both types of polyterpenol coating, the difference between surface 

skewness (Rskw) values from two scan sizes confirmed that over larger scanning areas, the 

chance of encountering a deep valley relative to the mean line is higher when compared to 1 µm 

× 1 µm scanning area. These findings indicate that polyterpenol films are smooth at the sub-

nanometer scale.  

For unmodified glass substrates, the values of average (Ra) and RMS (Rq) roughness, and the 

maximum peak height (Rmax) were determined to be ~3.6–4.9 times higher when collected over 

larger scanning area of 10 µm × 10 µm compared to those of 1 µm × 1 µm area. Notably, both 

the coefficient of kurtosis (Rkur) and surface skewness (Rskw) were ~4 and 9 times lower, 

respectively, when calculated using data from the 10 µm × 10 µm scan area than the respective 

Rkur and Rskw values from the 1 µm × 1 µm data. At 0.34 for 10 µm × 10 µm scan, the smaller 

value of surface skewness (Rskw) indicates that over larger scanned areas, the height distribution 

is more uniform, with approximately equal number of high peaks to deep valleys. Similarly, the 

lower kurtosis (Rkur) coefficient over an increased sampling area indicates that on this scale, the 

roughness profile of the surface has less high peaks and low valleys [36], probably due to the 

lower resolution of the scan which may not allow for the detection of finer peaks and valleys.  

The application of the polymer coating resulted in a significant increase in the substrate surface 

hydrophobicity, with the water contact angle increasing from 8° to 63° and 69° on the 10 W and 

25 W polyterpenol coatings, respectively. The surface hydrophobicity/hydrophilicity and 

surface charge before and after the application of the polymeric coating are summarized in 

Table VIII.2.1. Independent of deposition power, application of the coating statistically 

significantly affected the contact angle values for all three probing liquid (p < 0.05). Among 

polyterpenol samples, the difference was significant only in the case of water, but not for 

ethylene glycol or diiodomethane solvents. The dispersive component of the surface tension γ
LW 

was not changed significantly by the application of the thin film coating, whilst the polar γ
AB 

component increased from 1.5 mJ/m2 for the unmodified glass substrate to 9.3 mJ/m2 and 5.4 

mJ/m2 for the 10 W and 25 W samples, respectively. All surfaces were identified as monopolar, 

with pronounced electron-donating capacity and negligible electron-accepting fraction γ
+. Total 

surface tension values remained relatively similar for all types of surfaces, ranging from 40 mJ 

m−2 to 50 mJ m−2 for unmodified and coated substrates, respectively.  
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Table VIII.2.2. Relative contributions of different chemical states on the surfaces of 

polyterpenol thin films assigned to the X-ray photoelectron spectroscopy (XPS) peaks. 

Element/ 

transition 
 Assignment 

Substrate Polyterpenol 10 W Polyterpenol 25 W 

Binding 

energy 

(eV) 

Relative 

Conc. (%) 

Binding 

energy 

(eV) 

Relative 

Conc. (%) 

Binding 

energy 

(eV) 

Relative 

Conc. (%) 

O1s 

C--

O/C=O/Si--

O 

  532.5 81 532.2 70 

 *O--C=O   533.5 19 533.3 30 

N1s  C–N 400.5 100   400.0 74 

 C–N+     401.9 26 

Ca2p  Ca2+ 347.9 100     

C1s  C–C, C–H 285.0 80 285.0 77 284.9 60 

 C–O, C–N 286.5 12 286.5 15 286.5 21 

 CO3 289.3 4 289.2 2 289.1 8 

 C=O  288.1 4 287.8 6 287.9 12 

Si2p  SiO2  103.3 100     

  Si–O     102.2 100 102.0 100 

An analysis of the surface chemistry of the native and coated substrates using X-ray 

photoelectron spectroscopy (XPS) revealed that appreciable differences existed between the 

surface chemical characteristics of these substrates, as summarized in Table VIII.2.2, where the 

relative concentration refers to the assignment of the element to a particular binding state (e.g., 

in 10 W sample, 81% of O is in C--O/C=O/Si—O, and 19% is in *O--C=O). In the case of the 

unmodified glass, the SEM analysis revealed the presence of predominantly Si and O, which is 

expected of glass surfaces. Examination of the C1s high-resolution spectra indicated the 

existence of hydrocarbons (C–C, C–H), carbon singly bonded to oxygen or nitrogen (C–O, C–

N), carbon doubly bonded to oxygen (C=O) and carbonate species (CO3). Modification of the 

glass substrate using polyterpenol resulted in a significant increase of carbon available on the 

surface of the substrate. Furthermore, polyterpenol coatings deposited at different RF input 

power differed in terms of their C and O ratio, with films fabricated at 10 W characterized with 

lower oxygen (17.2% vs. 27.5%) and higher carbon (80% vs. 68.4%) fractions compared to 



237 

 

polymers deposited at 25 W. Silicon was present in small quantity (~3%) on both types of 

polyterpenol films, whilst some Na (0.4%) and N (1.0%) traces were detected on 25 W samples.  

VIII.2.3.2 Bacterial Surface Properties 

In addition to the surface properties of the substrates, bacterial surface characteristics such as 

hydrophobicity and surface charge were investigated. The P. aeruginosa cells have been 

characterized as moderately hydrophilic, with a water contact angle of ~43°, whilst S. aureus 

cells exhibited more hydrophobic characteristics, with a water contact angle of ~72°, most likely 

due to the presence of highly negatively charged and hydrophobic teichoic and lipoteichoic acid 

sites in the S. aureus cell walls [37,38]. The zeta potential of the bacterial cells (ζ) was 

estimated to be −14.4 ± 0.7 mV and −35.2 ± 1.0 mV for P. aeruginosa and S. aureus, 

respectively. These results were used to deduce the cell surface charge characteristics of the 

studied microorganisms. The S. aureus cells were more electronegative compared to those of P. 

aeruginosa, with the respective mobilities in the range of −2 (µm/s)/(V/cm) and 

−1.12(µm/s)/(V/cm). Negative charge is common for the majority of microbial cell surfaces, 

with the values given above being consistent with previously published results for these two 

bacterial species [40,41]. Given the estimated surface wettability and surface charge of the P. 

aeruginosa and S. aureus bacterial cells, these microorganisms may not have a strong affinity 

for the highly hydrophilic surface of the unmodified glass substrate [18]. 

VIII.2.3.3 Bacterial Attachment 

The attachment patterns of P. aeruginosa and S. aureus cells after 18 h incubation were 

examined by means of high-resolution SEM and confocal scanning laser microscope (CLSM) 

imaging, followed by statistical analysis. The attachment patterns of the two bacterial species 

were seen to be markedly different, preserving, however, a similar response on two types of 

polyterpenol film, as shown in Figure VIII.2.2 and reported in [34]. Furthermore, inspection of 

the SEM images demonstrated notable differences in the cell morphology, production of EPSs, 

and the numbers of bacterial cells attaching to the three types of substrates, namely the 

unmodified glass, polymer film fabricated at 10 W and the coating deposited at 25 W input 

power.  

Overall, the number of cells attached to the surface modified with 25 W polyterpenol thin films 

was found to be significantly higher when compared to the number of cells attaching to the 

unmodified glass and 10 W polyterpenol surfaces, despite the fact that surfaces of polyterpenol 

thin films fabricated under 10 W RF were smoother on nanometer scale than those of the 

unmodified glass (Figures VIII.2.2 and VIII.2.3). This is due to the antibacterial inhibitory 
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The amount of EPS produced by S. aureus cells was not significant for all of the samples 

examined, as confirmed by CLSM. The S. aureus attachment pattern on the polymer was further 

investigated using CLSM imaging, with the results confirming the observations made from the 
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coated surfaces were statistically analyzed using the COMSTAT package. 
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surfaces of 10 W substrata were non-viable, in contrast to S. aureus cells retained on the 

unmodified glass and 25 W substrata.  

These results for S. aureus are consistent with previously reported observations for  

P. aeruginosa [34], where the number of P. aeruginosa cells attaching to the 10 W polymer 

surface was found to be significantly lower than that obtained on the glass surfaces, with an 

average biofilm thickness of 0.47 ± 0.02 µm compared to thicknesses of 1.14 ± 0.22 µm and 

23.09 ± 2.15 µm observed on glass and 25 W substrates, respectively. Furthermore, P. 

aeruginosa cells were found to be significantly larger and slightly thinner (~1.7–2 µm long and 

~0.5–0.6 µm wide) when attached to the 25 W substrate and the glass reference sample 

compared to those attached to the 10 W samples (~1.2 µm long and ~0.7 µm wide). Similarly, 

the cells produced significantly more EPS when attached to the glass and 25 W substrates, with 

the biovolume increasing from 0.09 ± 0.005 µm2/µm3 on the 10 W surfaces to 0.61 ± 0.09 

µm2/µm3 and 4.34 ± 0.39 µm2/µm3 on the glass and nanosmooth surfaces of 25 W samples, 

respectively. 

VIII.2.4 Discussion 

Our results showed that the presence of the polyterpenol thin films significantly altered the 

surface properties of the glass substrates, which resulted in a notable change in the adhesion 

behavior of both P. aeruginosa and S. aureus cells. The difference in surface architecture was 

reflected in the surface roughness parameters of polyterpenol coatings applied under different 

deposition power. This was attributed to the degree of monomer fragmentation resulting from 

the increased intensity of the plasma field. The lower deposition rate and higher substrate 

temperature associated with the increased RF power conditions allowed for a faster relaxation of 

film fragments within the growth region prior to deposition of the next layer of the film, 

resulting in a smoother surface [22]. This observation is clearly supported by the notable 

differences in roughness parameters of the two polyterpenol surfaces examined, particularly 

when the data from 10 µm × 10 µm scanning area sizes are compared. The higher peaks 

observed on the surfaces of the 10 W samples can be also explained by the presence of large 

fragments of terpinen-4-ol molecule that are loosely bound to the surface of the polymer matrix.  

Modification of the surface properties using polyterpenol not only altered the surface 

architecture, but also the surface chemistry. The combined effect of these two parameters can 

strongly influence the extent of bacterial adhesion and proliferation while preserving the 

material properties inherent to the substrate, such as the mechanical properties [39]. Alterations 

of the functional groups present on the surface of the substrate change the surface 
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hydrophobicity and surface energy. These parameters not only directly affect the interactions 

between the cells and the substrate, but also the manner in which the surface interacts with its 

immediate environment, such as the liquid medium [40]. Previously published S. aureus 

adhesion studies showed that bacterial cells tended to attach more effectively to surfaces bearing 

carboxylic and methyl functional groups than those containing hydroxyl functionality [41]. 

Other studies reported a reduction in bacterial adhesion for negatively charged poly(methyl 

methacrylate)/acrylic acid functional groups, whilst the presence of positively charged methyl 

methacrylate/ dimethylaminoethyl methacrylate groups resulted in an increased level of 

bacterial cell attachment [14]. In this study, the modification of the surface chemistry of the 

substrates resulted in a significant increase in the amount of carbon available on the surface. 

The higher oxygen concentration observed in the case of the 25 W polymer films can be 

attributed to the oxidation of the top layer of the film, which is part of the post-degradation 

ageing reaction occurring in the film. Due to the nature of the fabrication process, films 

manufactured at higher input energy tend to contain a higher number of radicals compared to 

those deposited at lower power settings, as the lower power conditions favour the preservation 

of original molecular structure of the monomer precursor [31]. 

Comparison of the attachment preferences of S. aureus to unmodified glass surfaces and 25 W 

polymer coated substrates showed that the presence of the polyterpenol film resulted in a 

significant increase in the number of the attached bacterial cells, their size and the quantity of 

EPS these cells produced. P. aeruginosa was also found to attach more readily to the 25 W 

samples compared to the unmodified glass substrates, a behavior similar to that previously 

reported for P. aeruginosa on topographically dissimilar glass surfaces and on polyterpenol 

samples [34,42]. There is much debate and controversies concerning the extent to which surface 

free energy and its polar component affect bacterial adhesion [43,44]. In the case of S. aureus, 

the thermodynamically predicted preference of hydrophobic cells for hydrophobic substrates 

can partially account for the reduced cell adhesion to the more hydrophilic surface of the 

unmodified glass substrate, as reported elsewhere [45]. The 25 W polymer layer is smooth on 

the sub-nano-scale roughness level compared to unmodified substrate; therefore the current 

“attachment point” theory [46-47] that suggests that bacterial cells prefer microscopic surface 

irregularities as the starting point for their attachment as these provide shelter from 

unfavourable environmental influences clearly also cannot explain the attachment behaviour. 

Our recent studies found that nano-scale surface roughness may have a notable effect on 

bacterial attachment and adhesion, with nano-scale fluctuations in roughness exerting a 

significant influence on the cellular response to certain surfaces [18,42,48]. The results 

presented here show that a higher number of bacterial cells were able to colonize the nano-
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smooth 25 W polymer coated substrates, whereas less smooth, unmodified glass substrates 

sustained a significantly lower level of cellular attachment. This adhesion tendency was 

observed for both strains used in this study, regardless of their taxonomic affiliation and their 

cell surface characteristics. Further studies on polyterpenol coatings fabricated at even higher 

RF powers showed a similar trend [49].  

Glass substrates modified with a 10 W polyterpenol coating exhibited the least number of 

bacterial cells adhering to the surface. In its monomer form, terpinen-4-ol has been 

characterized as a nonspecific membrane active biocide that possesses adequate hydrophilicity 

to diffuse through liquid medium to the bacterial cytoplasmic membrane and hydrophobicity 

necessary to diffuse through the bacterial cytoplasmic membrane [28], where it accumulates 

causing a loss of membrane integrity [50]. Previous studies have demonstrated that it is possible 

to preserve certain functionalities and hence the biological activity of terpinen-4-ol in 

polyterpenol thin films by using relatively low deposition power conditions [33,34]. Hence, the 

significant reduction in the attachment of bacterial cells observed on these surfaces could be due to 

the preservation of chemical activity rather than the reduction in the surface irregularities or an 

increase in the hydrophobicity of the surface compared to the unmodified substrate.  

VIII.2.5 Conclusions 

High resolution AFM studies showed that application of a polyterpenol coating significantly 

altered the surface topography of the substrates, decreasing the substrate average surface 

roughness (Ra) from approximately 0.4 nm to 0.25 nm and 0.13 nm for 10 W and 25 W 

polyterpenol coatings, respectively (scan size 1 µm × 1 µm). A statistical analysis of the 

roughness parameters showed that there was a statistically significant difference in the surfaces 

roughness parameters for each of the coated and unmodified substrates used in this study. The 

extent of bacterial attachment and EPS production was then analysed using SEM and CSLM. 

The CSLM and SEM analyses clearly demonstrated that S. aureus and P. aeruginosa presented 

notably different patterns of attachment onto surfaces of polyterpenol thin films fabricated under 

the two conditions. The smooth on the scale of nanometers 25 W polyterpenol coating resulted in 

enhanced attachment and adherence of two taxonomically different bacterial strains, the 

behaviour previously described in our recent works. However, bacterial attachment can be 

further controlled by changing the surface chemical functionality, by, for example, coating the 

substrate with terpinen-4-ol, a compound with known bacterial inhibitory activity. Despite being 

characterized as smoother on a nanometer scale than glass surfaces, the degree of attachment, 

EPS production, and cell proliferation on the polyterpenol thin films fabricated under 10 W was 

found to be greatly reduced compared to that obtained on the unmodified surface or on the 
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polyterpenol thin films fabricated under 25 W deposition power conditions. The added 

advantages of this coating include uniform coverage, good adhesion to the substrate, and film 

stability. Furthermore, the antibacterial efficacy is based on the presence of a natural 

antimicrobial compound with no use of antibiotics. Thus, this work suggests that such an 

antimicrobial and antifouling coating could be effectively integrated into medical and other 

clinically relevant devices to prevent bacterial growth, thus minimizing bacteria-associated 

adverse host responses. 
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CHAPTER IX 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The development of novel organic polymers with properties equivalent to or superseding those 

of existing materials is an area of intense research investigation and commercial investment. 

Development of novel and enhancement of existing technologies are heavily reliant on the 

ongoing advancement of materials required for these applications. Recent progress in the field 

of organic thin films and coatings has already supported significant advancement of flexible 

optoelectronics and complex biomaterial devices. Yet, there are many avenues along which a 

noticeable improvement is necessary to bring such a technology from laboratory settings to a 

commercially viable product. The aim of this work was to develop a range of high−performance 

thin film polymer structures from non-synthetic monomer, terpinen−4−ol, using RF plasma 

polymerisation for application in emerging technologies. Terpinen−4−ol is a major constituent 

of Melaleuca alternifolia (tea tree) essential oil attributed with strong broad-spectrum 

antimicrobial and anti-inflammatory activities. RF plasma polymerisation is a ‘green’ 

fabrication method that requires minimal use of harmful chemicals and produces no hazardous 

by−products. As such, the choice of precursor material and fabrication methodology addresses a 

current global interest in environmentally responsible development.  

IX.1 Polyterpenol thin film fabrication and fundamental characterisation 

Plasma polymer thin films were fabricated using a custom made reactor under a range of 

processing parameters to achieve materials with distinct material (physical, chemical, optical, 

electrical), biological and degradation characteristics. Film deposition was performed using 

low−temperature plasma, which allowed for use of temperature sensitive substrates, such as 

plastics and thin film devices, in addition to metals, glasses, and ceramics. External capacitively 

coupled copper electrodes were used to deliver RF energy to the cylindrical polymerisation 

chamber. The experimental arrangement, including deposition time and pressure, use of 

additional gases, electrode spacing, placement of electrodes and substrate holder, were 

optimised to ensure uniformity and improve properties of the resultant thin film structures. 

Deposition time was found to significantly affect film thickness, with minimal influence over 

material properties of polyterpenol. Input RF power, on the other hand, was demonstrated to be 

a significant determinant of material properties of polyterpenol thin films. Therefore, properties 

of polyterpenol films deposited at various RF powers were investigated using the 

characterisation facilities available at James Cook University and collaborating national and 

international institutions. A summary of the major findings are presented below. 
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IX.1.1 Chemical properties 

Chemical characteristics of bulk polyterpenol thin films were investigated using FTIR, Raman 

and XRR. Exposure to RF plasma field notably altered the chemical structure of terpinen−4−ol 

monomer, with polymer films retaining only some of the original monomer functionalities. 

Polyterpenol thin films were characterised as hydrocarbon rich structures, with variable oxygen 

content. Lower RF deposition powers favoured preservation of the high polarizability moieties, 

such as hydroxy group, and therefore was found to be more appropriate for fabrication of 

insulating films. These conditions also promoted condensation and incorporation of 

unfragmented or slightly fragmented terpinen−4−ol molecules into the matrix of the film, thus 

increasing the likelihood of such materials to retain the biological activity of the precursor. 

Application of higher RF deposition powers resulted in higher degree of monomer 

fragmentation, with the resultant films being highly cross-linked and brunched, and 

characterised by shorter polymer chains. XPS characterisation of chemical composition and 

structure of polyterpenol surfaces confirmed the hydrocarbon nature of the material, with 

oxygen moieties present in the form of hydroxy and carboxylic acid functional groups. The 

availability of oxygen containing functionalities varied with power of deposition. Trace 

amounts of N, Si and Zn were also detected, attributed to contamination during deposition.  

Surface tension and solubility parameters of polyterpenol thin films as a function of the 

deposition RF power were also examined using six different solvents. 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. Polymers 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. 

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 
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sacrificial material in IC fabrication where wet etching procedure is used; or an antifouling 

coating for implantable medical devices.  

IX.1.2 Surface properties 

Independent of deposition power, the surface topography of the polymers was shown to be 

smooth, uniform and defect free. 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. Analyses of surface features obtained using AFM in semi−contact mode 

showed a small change in surface architecture with deposition power. The maximum peak 

height, average and RMS roughness parameters decreased for films deposited at higher RF 

power. These roughness estimates were in agreement with roughness values derived using 

spectroscopic ellipsometry. Deposition power did not have an effect on surface skewness or 

coefficient of kurtosis, with all polyterpenol thin films characterised by a disproportionate 

number of peak and a well spread out height distribution pertaining to the polyterpenol surfaces.  

IX.1.3 Optical properties 

UV-Vis spectroscopy and spectroscopic ellipsometry were utilised for optical characterisation 

of polyterpenol thin films. Independent of deposition power, all films were optically transparent, 

as confirmed by an examination of UV-Vis spectra. The main absorption peak occurred outside 

the visible region of the spectrum. Application of higher RF power did not produce a shift 

and/or broadening of the absorption peak. Transmission measurement using spectroscopic 

ellipsometry confirmed the optical transparency of polyterpenol. The refractive index of 

polyterpenol was similar to that of glass, increasing slightly for films fabricated at higher RF 

power. Independent of deposition power, the extinction coefficient approximated zero at 

wavelengths above 500 nm. The optical band gap values declined with increase in RF 

deposition power, from 2.95 eV for 10 W to 2.64 eV for 100 W.  

IX.4 Electrical properties 

At optical frequencies, the real part of permittivity (k) was determined using spectroscopic 

ellipsometry. It was found to be between 2.34 and 2.65 in the wavelength region 400 nm to 

1100 nm indicating a potential low-k material. These permittivity values were confirmed at 

microwave frequencies determined by means of split post dielectric resonators operating at 

frequencies of 10 GHz and 20 GHz. Employing full wave electromagnetic theory, permittivity 

and dielectric loss tangent were derived from the observed shift in measured resonant frequency 

and Q-factor of resonator with bare substrate and of resonator with coated substrate. 
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Permittivity increased for samples deposited at higher RF energy − from 2.65 (25 W) to 2.83 

(75 W) measured by 20 GHz resonator and from 2.32 (25 W) to 2.53 (100 W) obtained using 10 

GHz resonator. At low frequencies, the dielectric constant was determined from current−voltage 

characteristics of Al−polyterpenol−Al devices. At frequencies between 1 Hz and 100 kHz, the 

dielectric constant varied with 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. In higher applied voltage region, DC conduction was 

dominated by Schottky conduction mechanism, whereas up to 2.5 V an approximately ohmic 

conduction prevailed. 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. The resistivity for all samples are in the order of 108−109 Ωm 

(calculated at 6 V), confirming the insulating nature of polyterpenol material. 

In situ iodine doping was demonstrated to increase the conductivity of polyterpenol, from 5.05 

× 10−8 S/cm to 1.20 × 10−6 S/cm (at 20 V). The change was attributed to changes in the chemical 

structure of polyterpenol, via incorporation of iodine into the backbone of the polymer and 

consequent reduction in the methyl and methylene functionalities and an appearance of C=C 

bond, as determined by FTIR.  XPS confirmed that reduction in oxygen and an increase in 

carbon atomic fractions, indicating abstraction of H being a likely process. Although increasing 

the conductivity most, higher levels of doping were detrimental to optical transparency of the 

doped films, owing to the strong absorption of light characteristic of iodine species. Higher 

levels of doping notably increased the refractive index of the thin films, from 1.54 to 1.70 (at 

500 nm). Introduction of iodine impurity reduced the band gap of polyterpenol, from 2.8 eV to 

1.64 eV, 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. While doping did not affect surface morphology of the film, increased 

hydrophilicity of doped samples was attributed to a significantly larger number of polar 

functional groups exposed to the top of the polymer surface. Iodine 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. Annealing to 100 °C for 5 

hours resulted in 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.  
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IX.5 Mechanical properties and adhesion 

Mechanical and tribological properties of polyterpenol thin films were examined using 

nanoindentation and nanoscratch analyses. Coatings fabricated at higher deposition power were 

characterised by improved hardness and enhanced wear resistance. The hardness increased from 

0.33 GPa for 10 W to 0.51 GPa for 100 W at 500 µN load. The elastic recovery was estimated 

to be between 0.1 and 0.14. 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 attributed to increased 

degree of cross-linking associated with higher input power and hence are likely to be more 

stable and less susceptible to wear. Potential for damage and delamination of polyterpenol 

coatings was also qualitatively assessed using a standardised cross-hatch test. Independent of 

the substrate, the quality of adhesion is improved for samples deposited at higher RF power; the 

results consistent with those obtained using nanoindentation system. This study substantiate that 

the polyterpenol, which adheres well to many commonly used substrates, is a potential 

candidate for thin film applications which require smooth and uniform surfaces.    

IX.6 Stability of polyterpenol 

Optical parameters, thickness and chemical structure of polyterpenol thin films prepared 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 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. The chemical characterisation established that the aging of polymers deposited at 

lower RF power occurred via oxidation, as observed by a slight increase in the −OH stretch 

assigned to alcohol.  

Thermal ageing studies were conducted in situ using the heat stage attachment for the 

ellipsometer and ex situ using FTIR. The results indicated thermal stability increased for the 

films manufactured at higher RF powers. The refractive index was found to undergo a large 

change between 200 and 300 ºC, indicating the material undergoes a phase change within this 

temperature region. Heating up to 150 ºC had minimal effect on chemical composition and 

refractive index of the material, whereas thickness reduced due to desorption of low molecular 

weight species. The onset temperature at which decomposition begins was lower in the case of 

polymer films fabricated at lower RF power. Above 250 ºC, peaks associated with C−H bonding 



249 

 

reduced, whereas bands assigned to C−O stretches and C=C increased in intensity. Hydrogen 

abstraction and radical transfer to the tertiary carbon atom followed by the scission of a C–C 

bond in the β–position have been identified as the likely processes to transform the original 

polyterpenol film into a less hydrocarbon dense structure. 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.  

IX.2 Applications of polyterpenol in electronics and biomaterial coatings 

Given the outcomes of the fundamental characterisation, a number of potential applications for 

polyterpenol have been identified. The tunable permittivity and loss tangent properties of 

polyterpenol suggest the material can be used as a low permittivity dielectric in fabrication of 

integrated circuit fabrication. The flexible nature of the polyterpenol films further substantiates 

the material’s potential as an insulating layer in plastic electronics. Optical transparency and 

variable optical band gap indicate polyterpenol can find potential applications in 

optoelectronics. Sound adhesion, good chemical and physical stability, and low temperature of 

fabrication suggest polyterpenol can be used for encapsulation of photovoltaic devices. 

Encapsulation of biomedical devices is also proposed, given that under favourable conditions, 

the original chemical and biological functionality of terpinen−4−ol molecule can be preserved. 

Furthermore, polymers fabricated from non-synthetic precursors are likely to be biocompatible 

with human tissues, and therefore can potentially be used to promote eukaryotic cell adhesion 

and proliferation. Depending on their reactivity, these coatings can also be used to encapsulate 

metals, such as magnesium, to control their biodegradation in vivo.  

IX.2.1 Polyterpenol as a gate insulating layer 

Favourable material characteristics of polyterpenol, particularly its permittivity and loss tangent 

characteristics have identified the material as a potential dielectric layer for fabrication of 

flexible OFET devices. Implementation of polyterpenol as a surface modification of the gate 

insulator in pentacene-based field effect transistor resulted in significant improvements. The 

addition of the polyterpenol interlayer in the OFET shifted the threshold voltage significantly, 

from + 20 V to –3 V.  No trapped charges were observed in the polyterpenol interlayer, which 

assisted in the improvement of effective mobility of the device, from 0.012 to 0.021 cm2/Vs. 

The switching property of the polyterpenol based OFET was also improved, from 107 to 104. 
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The results showed that the non-synthetic polyterpenol polymer film is a promising candidate of 

insulators in electronic devices.  

Time-resolved electric field induced second harmonic generation technique was then used to 

probe the carrier transients within double−layer pentacene−based MIM devices, where 

polyterpenol thin film was used as a blocking layer. Given that pentacene is an ambipolar 

organic semiconductor, a blocking layer is used to assist in visualisation of single−species 

carrier transportation during charging and discharging under different bias conditions. 

Time−resolved measurement demonstrated injection and accumulation at the interface of both 

holes and electrons under forward and reverse bias conditions, respectively. However, the 

nature of SH activity during the discharging differed between the two cases. Where holes were 

the injected carriers, the discharging of the interface involved the accumulated carriers drifting 

back into the Au electrode. However, when the accumulated charges were electrons, the 

discharging entailed an injection of holes from the Au electrode. Polyterpenol was demonstrated 

to be a sound blocking material and can therefore be used for probing of double−layer devices 

using this technique. Polyterpenol fabricated at higher RF power were identified as being a 

better suited material due to higher stability, particularly during pentacene deposition, improved 

uniformity, and absence of defects. 

The charge transport mechanism across plasma polymerised polyterpenol was also studied by 

depositing C60 n-type organic semiconductor on the polyterpenol thin film and Al top 

electrodes. Charge accumulation under the steady state was demonstrated for electron injection 

from the Al/C60, whereas no charge accumulation was observed for hole injection from Al/C60. 

Resulting from these observations, electron blocking property of polyterpenol was proposed as a 

likely mechanism. Electroluminescence spectrum measurement using 

Al/C60/Alq3/polyterpenol/IZO structures evidently confirmed the rectifying property of 

polyterpenol, with electron and hole recombination taking place in Alq3 and C60 layers, 

indicated by the EL wavelengths of the emitted light consistent with Alq3 and C60 

photoluminescence spectra. This study substantiate that the environmentally friendly transparent 

polyterpenol thin film will be an excellent candidate to be used as a ‘hole transport electron 

blocking layer’ in organic electronic circuits and hence can be utilized in the fabrication of 

many organic devices, such as organic light emitting diodes. 

IX.2.2 Polyterpenol as a bioactive coating 

Polyterpenol thin films fabricated at varied RF power have also been investigated as potential 

antifouling and antibacterial coatings for biomaterials. The extent of bacterial attachment and 
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extracellular polymeric substances (EPS) production were analyzed using scanning electron 

microscopy (SEM) and confocal scanning laser microscopy (CSLM). The CSLM and SEM 

analyses clearly demonstrated that Pseudomonas aeruginosa, Staphylococcus aureus, and 

Streptococcus epidermidis presented notably different patterns of attachment onto surfaces of 

polyterpenol thin films fabricated under different RF power. Such differences in attachment 

behaviour were attributed to a combination of species−specific cell morphology, cell structure and 

surface properties, and the extracellular substances bacteria produce. Cell−polyterpenol surface 

interactions were significantly affected by the chemical functionality of polyterpenol. However, 

independent of the species, the number of retained cells was greatly reduced on 10 W 

polyterpenol coated surfaces. Films deposited at low RF power were shown to successfully 

prevent adhesion and retention of several important human pathogens, including P. aeruginosa, 

S. aureus, and S. epidermidis. On the other hand, films deposited at higher RF power promoted 

cell adhesion, proliferation and EPS production. Furthermore, cells adhered to 25 W 

polyterpenol were found to conform to a 3D architecture, indicating the formation of biofilm. 

The nanotopography of polyterpenol coating was also demonstrated to affect the attachment and 

adherence of taxonomically different bacterial strains. The proposed antimicrobial and 

antifouling coating can be potentially integrated into medical and other clinically relevant 

devices to prevent bacterial growth and to minimize bacteria-associated adverse host responses. 

IX.3 Recommendation for future work 

It is evident that polyterpenol is a promising candidate for applications in organic electronics. 

However, further investigation into polyterpenol degradation of the material under various 

environmental conditions and long-term performance are required. For instance, some stages of 

IC fabrication may require high−temperature processing, for which polyterpenol may need to be 

modified to increase the thermal stability of the material. Similarly, polyterpenol behaviour 

when in contact with solutions used in IC wet processing need to be controlled.   Polyterpenol 

performance upon long-term exposure to UV light would require further investigation to assess 

the polymer’s potential as an encapsulating layer for organic photovoltaics. Performance of 

polyterpenol−incorporated electronic devices also necessitates detailed exploration to 

demonstrate improvement. Low temperature annealing should also be pursued to assess the 

influence of this treatment onto electrical properties of polyterpenol. Doping using other agents, 

in addition to iodine, need to be considered to further enhance conductivity of polyterpenol. 

Additional work is also expected to confirm biomedical applicability of polyterpenol. 

Preliminary investigations into in vitro biocompatibility of polyterpenol demonstrated the 

coating to be non−toxic for several types of eukaryotic cells. Balb/c mice macrophage and 
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human monocytes (HTP−1 non-adherent) cells showed similar attachment, cell morphology and 

viability when in contact with polyterpenol coated and unmodified glass slides. Furthermore, 

when applied to magnesium substrates, polyterpenol encapsulating layer significantly slowed 

down in vitro biodegradation of the metal, thus increasing the viability and growth of HTP−1 

cells. Recently, applied to varied nanostructured titanium surfaces, polyterpenol thin films 

successfully reduced attachment, growth, and viability of P. aeruginosa and S. aureus. This 

experiment demonstrated that polyterpenol retains its bactericidal activity when deposited over 

commercially used biomaterials. Yet, more work is needed to explain the nature of the 

material’s bioactivity. The stability and biodegradation of polyterpenol under in vitro and in 

vivo conditions also warrants further research.     

Tunable thermal degradation with low residue rates demonstrated polyterpenol as a potential 

sacrificial material for fabrication of nanofluidic channels in chip based bio/chemical analysis, 

air gap fabrication and in semiconductor devices to produce ultra low permittivity dielectrics. A 

study comparing performance of polyterpenol to conventional sacrificial materials is needed to 

determine material’s applicability for this application.  
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IX.4 Conclusion 

Environmentally−friendly polyterpenol thin films were successfully fabricated from 

non−synthetic terpinen−4−ol using plasma polymerisation. Table IX.1 shows the summary of 

polyterpenol material properties: 

Table IX.1. Material properties of polyterpenol fabricated at different RF powers. 

Property 
Deposition RF power 

10 W 25 W 50 W 100 W 

Refractive index n (500 nm) 1.537 1.544 1.548 1.554 

Extinction coefficient k (500 nm) 2.67 × 10-5 8.25 × 10-5 75.01 × 10-5 160.7 × 10-5 

Optical band gap Eg, eV 2.95 2.83 2.81 2.64 

Permittivity (<100 kHz) 15.2-3.75 17.3-4.15 18.4-4.15 17.3-4.30 

Permittivity at high frequencies 2.84 2.80 2.81 2.81 

Conductivity σ, S/cm 8.21 × 10−10 1.12 × 10−9 1.47 × 10−9 1.52 × 10−9 

Average roughness Ra, nm 0.44 0.40 0.40 0.33 

Water contact angle θw, ° 60.3 62.5 64.4 75.2 

Surface tension, mJ/m2 29.4-46.2 30.0-42.5 30.1-41.6 29.9-41.5 

Thermal degradation onset 

temperature, °C 
~150 ~150 ~170 ~190 

Hardness, GPa (at 500 µN) 0.32 0.35 0.42 0.51 

Friction coefficient 0.46 0.35 0.29 0.26 

Antimicrobial activity against 

common pathogens 
Active Not active Not active Not active 

Cytocompatibility Compatible Compatible Compatible Compatible 

Property variability was achieved by varying deposition conditions, as demonstrated by 

extensive polymer characterisation. In the course of this work, several potential applications in 

the fields of biomaterials and electronics have been identified. Extensive testing was conducted 

to show applicability of polyterpenol as an insulating layer in organic electronics devices and as 

bioactive layer for encapsulation of biomaterials. 
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