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Abstract 

 
The in vivo measurement of neurotransmitters by electrochemical means is an important area of 
research regarding the timely detection and treatment of many neurological disorders. Parkinson’s 
disease treatment especially requires for accurate and selective diagnosis and detection of dopamine 
concentration in the presence of various interfering agents in comparatively much larger 
concentrations. Carbon-based thin film sensor materials such as tetrahedral amorphous carbon 
(ta-C) have gained attention for these applications due to their good modifiability as well as desirable 
physical and electrical properties. In this thesis, the aim was to answer whether nitrogen 
incorporation into the ta-C thin films structure would provide beneficial effects to its use in 
electrochemical sensing. 
 
Nitrogen doped tetrahedral amorphous carbon (ta-C:N) thin film samples were produced by 
introducing nitrogen gas into the pulsed filtered cathodic vacuum arc (p-FCVA) deposition chamber 
with three different pressures of 0.01 mTorr, 0.1 mTorr and 1 mTorr. The nitrogen effect on the ta-C 
structural and electrical properties was investigated by various physical and electrochemical 
characterization methods to determine their applicability in electrochemical sensing. These results 
were compared with previous findings for ta-C:N thin films and their use on various different 
application fields. 
 
With physical characterization methods, Raman ID/IG-ratios and sp2 clustering appeared to increase 
logarithmically with the increase of nitrogen introduction in the deposition process. Incorporation 
of nitrogen into the structure was found to indicate a limited improvement in the electric properties 
of ta-C thin film -based electrochemical sensors, as the oxidation potentials of dopamine and its 
interferents were decreased with no significant effect on selectivity. Also, an indication of a 
saturation-like effect in cyclic voltammetry measurements was observed with the increase of 
nitrogen gas during the deposition, comparable to previously reported values. This was observed for 
ta-C:N 1 mTorr sample electrodes as a retreat of the redox-potentials towards values obtained with 
pure ta-C. Future research should be directed towards the investigation of the observed saturation-
like effect as well as the nitrogen effect on the ID/IG-ratio, as well as the possible modifications to 
improve the electrochemical properties and selectivity of these ta-C:N thin film electrodes. 
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Hermovälittäjäaineiden mittaaminen sähkökemiallisilla in vivo -menetelmillä on tärkeä 
tutkimusaihealue monien neurologisten häiriöiden ajankohtaiseen havaitsemiseen liittyen. 
Esimerkiksi Parkinsonin tauti vaatii herkkää ja valikoivaa tapaa dopamiinin konsentraatiotason 
havaitsemisemiseen huomattavasti suuremman konsentraation omaavien mittausta häiritsevien 
molekyylien läsnäolosta huolimatta. Hiiliohutkalvoanturimateriaalit kuten tetraedrinen amorfinen 
hiili (ta-C) ovat keränneet huomiota tähän käyttötarkoitukseen niiden muokattavuuden sekä 
fyysisten ja sähköisten ominaisuuksien vuoksi. Tässä diplomityössä pyritään vastaamaan kuinka 
typen lisääminen ta-C ohutkalvorakenteeseen vaikuttaa sen käytettävyyteen sähkökemiallisessa 
tutkimuksessa. 
 
Typellä muunneltuja tetraedrisiä amorfisia hiiliohutkalvonäytteitä (ta-C:N) valmistettiin lisäämällä 
typpikaasua tyhjiökammioon, jossa näytteiden suodatettu tyhjiökatodivalokaaripinnoitus (p-FCVA) 
tapahtui kolmea eri typpikaasun painetta - 0,01 mTorr, 0,1 mTorr ja 1 mTorr - käyttäen. Typen 
vaikutus ta-C ohutkalvomateriaalien rakenteellisiin ja sähköisiin ominaisuuksiin mitattiin 
fysikaalisilla ja sähkökemiallisilla arviointimenetelmillä niiden käyttökelpoisuuden määrittämiseksi 
sähkökemiallisina antureina. Saatuja tuloksia vertailtiin aikaisempiin tutkimustuloksiin ta-C:N 
ohutkalvoille. 
 
Raman spektroskopiamittauksilla ID/IG-suhteen havaittiin lisääntyvän logaritmisesti typen 
lisäyksen myötä pinnoitusprosessissa, mikä saattaa kertoa rakenteen sp2 hybridisoituneiden 
hiilisidosten kasvavasta ryhmittymisestä. Typen läsnäolo ohutkalvon rakenteessa havaittiin 
vaikuttavan ta-C ohutkalvosensoreiden sähköisiin ominaisuuksiin niukasti. Dopamiinille ja sen 
häiriöaineille mitattujen hapetuspotentiaalien havaittiin laskevan typen lisäyksen myötä, mutta 
anturien selektiivisyydelle ei havaittu merkittävää muutosta. Materiaalille havaittiin myös syklisellä 
voltammetria-menetelmällä kyllästyksenkaltainen ilmiö aikaisemmin ilmoitettuihin arvoihin 
verrattavilla ta-C ohutkalvojen valmistusprosessin perusteella. Ilmiö konkretisoitui 
sähkökemiallisissa mittauksissa hapetus-pelkistyspiikkien vetäytymisenä puhtaille ta-C antureille 
mitattuihin lukumääriin typen pinnoitusprosessissa läsnäolleen määrän kasvun myötä. Tämän työn 
perusteella jatkotutkimusta suositellaan suunnattavan kyllästyksen aiheuttavan typpisuhteen 
arvoalueen tarkempaan mittaukseen, typen vaikutukseen materiaalien ID/IG-suhteen kasvuun, sekä 
ta-C:N elektrodien sähkökemiallisten ominaisuuksien kehitykseen. 
 
 

Avainsanat  ta-C, typpi, dopamiini, anturi, syklinen voltammetria 
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1 Introduction 
 

Amorphous carbon (a-C) films are a category of carbon materials, that have gained more 

and more interest as coatings in various applications. They are extremely tailorable due to 

their structure, which consist of a mixture of sp, sp2 and sp3 hybridized carbon bonds. The 

amount and type of bonding hybridization can be modified in the film production process, 

and are responsible for the unique physical and chemical characteristics of such materials. 

Amorphous carbon films have been researched in the fields of electrochemical sensing, fuel 

cells, and electrolysis as well as in protective coatings – such as corrosion and wear 

preventing. In this thesis, we mainly focus on the material’s electrochemical properties. 

Electrochemical measurement is a viable way to determine low molecule concentrations in 

a fast and reliable manner with relatively simple instrumentation. For example, in the 

medical field, reliable sensing of irregularities in biomolecule concentrations could prove 

lifesaving in conditions such as neurological disorders. Parkinson’s disease is a neurological 

disorder heavily connected to the dopamine concentration present in a person’s central 

nervous system, whose early detection could allow for timely treatment to take place. 

Amorphous carbon -based sensors provide beneficial properties such as biocompatibility, 

wide potential window and low background current and have been recently investigated for 

detection of several molecules important in the field of medicine [1–3].  The limitations of 

amorphous carbon films in electrochemistry arise from their selectivity, where interfering 

molecules can obscure the outcome of the measurement. 

Several approaches have been investigated to improve the selectivity of amorphous 

carbon -based sensors [4,5]. The most obvious approach is the adjustment of the ratio of 

carbon bonds in the structure by changing the film deposition process and its parameters. A 

high ratio of sp3-hybridized bonds make the structure more diamond-like, while 

sp2-hybridized bonds result in a more graphite-like structure [6]. Another approach is the 

altering of the surface topography. Carbon nanofiber (CNF) and carbon nanotube (CNT) 

growth on the film increases surface area in contact with the sensing subject, as well as 

reactivity for the sensor [7–9]. An alternative approach, for tailoring the properties of such 

films over a wider spectrum, is to introduce various dopants into the carbon structure. 
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Doping of the a-C films introduces changes in the structure and bond hybridization of the 

films, thereby affecting the structural, electrical and optical properties of the material. Many  

different dopants have been investigated for their benefits in electrochemistry and other 

fields [10–12]. a-C films are already deemed as useful protective coatings against biofouling 

in aqueous environments, such as water coolant pipes and heat exchangers [13]. In these 

cases, dopants are used to better fortify the material against specific environments. Different 

research groups have introduced, for example, fluorine [13], platinum [14] and nitrogen [15] 

dopants into the a-C structure to this end. Conductive amorphous carbon thin films are often 

used in fuel cells as protective coatings for multifunctional bipolar plates, which are 

responsible for connecting the anode and cathode sides, providing channels for reactive gas 

supply and removal of heat and reaction products [16–18]. Further, nitrogen doped a-C films 

have been used in the development of non-metal catalysts and/or support structures in fuel 

cells, due to their increased oxygen absorption and reduction activity, as well as stability 

[19,20]. In this work, nitrogen doping of tetrahedral amorphous carbon (ta-C) films is 

investigated with respect to its effects in the electrochemical detection of dopamine. 

This thesis is divided into a literature review segment and an experimental segment, both 

looking into the use and benefits of nitrogenated tetrahedral amorphous carbon (ta-C:N). 

Chapters 2, 3 and 4 provide a brief overview of the classification of amorphous carbons 

structures, their deposition processes and electrochemical properties, respectively. Chapter 5 

outlines the experimental process used to produce nitrogenated tetrahedral amorphous 

carbon films, as well as the methods used to characterize them physically and 

electrochemically. Chapter 6 collects the results of the films’ characterization, while in 

chapter 7 these findings are discussed. Chapter 8 includes the conclusions that can be drawn 

from the findings, for the use of nitrogen doped tetrahedral amorphous carbon in 

electrochemical detection of dopamine.  
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2 Amorphous Carbon (a-C) 
 

Carbon is a highly researched and versatile element, which is widely used in many different 

fields. It is present in organic compounds and all known life forms, is capable of 

polymerization, and has many allotropes giving it desirable and varied properties. Carbon is 

unique in its diversity as both crystalline and amorphous materials. In this work, Physical 

Vapor Deposition (PVD) is used to produce modified amorphous carbon thin films. 

Amorphous carbon (a-C) refers to carbon materials whose structures do not follow any 

specific repeating pattern of unit cells throughout but contain a disorganized ratio of sp3, sp2 

and sp hybridized carbon atoms. Amorphous carbon materials containing a high ratio of sp3 

hybridized carbon bonds are referred to as diamond-like carbon (DLC), whereas those 

containing more of sp2 hybridized bonds are referred to as graphite-like (GLC). Generally, 

the amount of sp3 hybridized bonding affects the material’s mechanical and optical 

properties, while sp2 hybridized bonding influences it’s electrical properties [6]. 

Hydrogenated amorphous carbon (a-C:H) is often also considered in the same category as 

other a-Cs. It has been suggested that the presence of hydrogen bonding sites at the surface 

of an a-C electrode is beneficial in electrochemical applications. For example, in dopamine 

electrochemical analysis, the oxidation reaction rate has been found to improve with 

hydrogen doping when compared to pure amorphous carbon [21]. Figure 1 shows the 

amorphous carbon ternary phase diagram with sp3 and sp2 hybridized bonding in relation to 

the amount of hydrogen present in the structure.  
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Figure 1.  Amorphous carbon ternary phase diagram. [4] 

 

2.1 Diamond- and graphite-like carbon 
 

There has been tremendous research interest in the scientific community towards both 

diamond-like [5,22] and graphite-like [12,23] carbon materials. Due to their potential for 

beneficial properties such as high mechanical hardness, biocompatibility and chemical 

inertness, optical transparency and wide band gap as a semiconductor, mainly sp3 bonded 

diamond-like carbon materials have been especially popular [4,24]. Depending on the 

deposition method, amorphous carbon structures can often contain significant amounts of 

hydrogen increasing their sp3 hybridization [4].  

Largely sp2 hybridized carbon materials have been researched due to their beneficial 

qualities, as a surface modification for many specialized tools. These graphite-like carbon 

materials have been found to provide good chemical inertness, friction and wear 

performance, conductivity as well as low internal stress [23]. The sp2 ring-structures do not 

provide as stable a structure as their more diamond-like counterparts, but it can be sufficient 

for many applications. Reliable GLC deposition is more complicated to achieve since the 

presence of dopants such as hydrogen, oxygen, and nitrogen, as well as film growth are more 
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difficult to control [11,23]. Ultimately, graphite-like and diamond-like carbon materials 

have quite different application fields, much like graphite and diamond themselves. 

Diamond-like carbon films are often used as protective, wear resistant, smooth and 

chemically inert coatings. For example, DLC layers are used in windows as protection 

against mechanical failure, whereas in the biomedical field they are used to provide an inert 

outer layer for the measuring equipment. DLC’s mechanical and physical properties 

originate from the tetrahedrally directed, strong, σ bonds that form the sp3 hybridization. 

Compared to mainly sp2 hybridized materials where strong σ bonds are only present in 

two-dimensional layers with weak van der Waals bonds in the third dimension, the overall 

structure is much more durable in DLCs. Due to the lack of weaker bonds, the resulting 

diamond-like carbon structure, like diamond itself, is also denser compared to mostly sp2 

hybridized structure. Tetrahedral amorphous carbon (ta-C) refers to a form of 

non-hydrogenated DLC which has a significantly higher ratio of sp3 hybridized structure, 

usually 85 % or more of the total bond amount [22,25]. 

The effect of ratio of sp3 hybridized bonding on the density of amorphous carbon films has 

been reported by Robertson [4]. It was found that the correlation is linear for most 

amorphous carbon phases based on multiple results from different research groups. This 

relationship is shown in Figure 2. Tetrahedral amorphous carbon (ta-C) shows a linear 

relation between density and sp3 fraction, as does hydrogenated ta-C (ta-C:H). However, 

hydrogenated amorphous carbon (a-C:H) can be seen to have a maximum density at ca. 

40-55 % sp3 fraction, after which it rapidly decreases due to rising hydrogen content. Thus, 

the density of an amorphous carbon thin film becomes an important property to measure, as 

its correlation with the amount of sp3 hybridization can be used to explain further behaviors 

of the material for example in electrochemical measurements.  
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Figure 2.  Amorphous carbon and tetrahedral amorphous carbon density relation with sp3 
 fraction. [4] 

 

While Figure 2 gives the relation between density and sp3 fraction for ta-C and a-C as well 

as their hydrogenated counterparts, the effect of doping is not considered. It has been 

indicated by Rossi et al. [26] that with ion beam deposition the nitrogen content present in 

an amorphous carbon film is not related to the film density. This would imply that nitrogen-

doped ta-C density and sp3 fraction relation could still be estimated relatively accurately for 

amorphous carbon films produced with certain deposition methods. 

 

2.2 Nitrogen doping of a-C thin films 

 

Amorphous carbon doping is seen as a good way to better tailor the material’s properties to 

suit different applications.  Dopants change the sp2/sp3 ratio of the amorphous carbon 

structure, as the inclusion of dopants may break the natural tetrahedral structure and form 

cluster-like areas, where carbon bond can become sp2 hybridized. For example, nitrogen, 

phosphorous and boron have been used to modify the conductivity of amorphous carbon 
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materials [12]. Dopants provide defect sites for sp2 clustering and electron transfer, which 

is important in electrochemistry-related application fields. Dopants acting as electron donors 

create energy states near the conduction band forming n-type regions, while electron 

acceptors create states near the valence band on the material’s band gap forming p-type 

regions. In this work, nitrogen, is investigated as an n-type electron donor dopant for ta-C, 

and its effects on the structure and electrochemical properties of the ta-C film are 

characterized. 

Nitrogen doping of amorphous carbon films can be achieved in different ways during their 

deposition processes. Nitrogenated amorphous carbon (a-C:N) are considered as primarily 

sp2 hybridized carbon materials. In such materials, nitrogen can be added at temperatures 

over 200 °C to form a nanostructure with graphitic planes cross-linking to achieve higher 

mechanical hardness and elastic recovery [11,27]. One use for such materials is in the field 

of magnetic storage units, where protection against corrosion and mechanical wear as well 

as good tribological properties are wanted  [27,28].  

Nitrogenated tetrahedral amorphous carbon (ta-C:N) on the other hand consist of mainly sp3 

hybridized materials, deposited in a nitrogen containing atmosphere. Commonly, deposition 

of ta-C:N is achieved by ion beam, pulsed laser or filtered cathodic vacuum arc deposition 

methods. Figure 3 shows the ternary phase diagram of nitrogenated amorphous carbons, in 

which the sudden change in the structure of ta-C:N with increase in nitrogen content can 

clearly be seen.  
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Figure 3.  Nitrogenated amorphous carbon ternary phase diagram with ta-C:N and a-C:N 

 regions. [27] 

 

In general, nitrogen has five valence electrons, which form as three σ sp2 bonds, with the 

two remaining valence electrons occupying the pπ state [29]. Nitrogen can adopt various 

bonding configurations with carbon in the ta-C structure. They can form as sp3 or sp2 

substitutional doping configurations as well as many non-doping configurations such as 

pyridine, pyrrole and nitrile. The doping conditions affect how successfully nitrogen is 

incorporated into the structure as a dopant, or whether it only forms non-doping sites. These 

non-doping sites are a reason for a generally low doping efficiency in amorphous 

semiconductors, as dopant atoms adopt a chemically preferred, trivalent coordination [29]. 

Trivalent coordination configuration for nitrogen is non-doping due to all its valence levels 

being filled.  

When nitrogen acts as dopant, at around 0-0.4 % of total nitrogen content, the conductivity 

of the structure begins to change due to n-type electron donation, while bond hybridization 

and band gap remain the same [30]. With further nitrogen addition, the amount of sp2 

hybridized clusters begin to increase, lowering the material’s band gap [30]. As Ferrari et 

al. [31] as well as Hu et al. [32] have found,  the amount of  sp3 hybridized bonding decreases 

rapidly after ca. 10-12 % total nitrogen content of the structure is reached. This change in 

hybridization also appears as a decrease in the band gap and structural density. 
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Nitrogen promotes sp2 bonding in the carbon structure, while preventing the formation of 

sp3 hybridized carbon structures.  The possibility of reversing this effect so that sp3 

hybridized carbon bonds are promoted, has been a driving cause for the investigation of 

carbon nitride (C3N4). Carbon nitride is formed with sp3 hybridized carbon and sp2 

hybridized nitrogen bonds within DLC films and has been suggested to provide a bulk 

modulus comparable to diamond [33]. Thus far, C3N4 structure has not been conclusively 

observed as a product of the doping process. [4] 
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3 Deposition methods of a-C thin films 
 

Amorphous carbon thin films can be deposited in a multitude of different ways. Both 

chemical vapor deposition (CVD) and physical vapor deposition (PVD) methods have been 

successfully utilized to this end. In this work, a PVD method, namely pulsed-filtered 

cathodic vacuum arc (p-FCVA) deposition has been used to produce the measured 

tetrahedral amorphous carbon thin film samples. 

 

3.1 Physical vapor deposition 

 

Physical vapor deposition refers to various atomistic thin film production methods where 

some form of energy is directed towards a solid target of the material to be deposited, which 

is in turn transformed into a gaseous phase. This ejected material in the form of vapor is then 

directed towards a substrate, where it condenses into a solid thin film. Thus, PVD is 

characterized as a line of sight deposition method, where substrate temperatures are typically 

low, compared to CVD methods where high temperatures are often necessary. PVD methods 

can be divided into low energy and high energy methods. Thermal evaporation is an example 

of a low energy method, where a thermally heated source material is evaporated and 

deposited onto a substrate in a vacuum of 10-5 to 10-9 Torr. High energy methods comprise 

of methods such as magnetron sputtering and cathodic arc deposition, where higher energy 

physical processes such as ion bombardment or high voltage arc polarization are used to 

vaporize the cathode material. Typically, thin film growth rates range between 10-100 Å/s 

for PVD methods. [34,35] 

 

3.2 Pulsed filtered cathodic vacuum arc deposition (p-FCVA) 

 

Cathodic arc thin film deposition methods are some of the most widely used PVD methods 

within industry and academia alike. Anders [35] sets four main reasons for their popularity. 

These are listed as the high possible deposition rates, good adhesion of films, the ease of 

film formation for wear resistant as well as decorative purposes, and the wide range of 

reactive gas partial pressures usable for stoichiometric film forming. On the other hand, the 



 

 

11 

 

negative properties arise from macroparticle contamination as they can easily ruin the final 

quality of the film. 

Pulsed filtered cathodic vacuum arc is an arc deposition method, where a high voltage, low 

current arc is used to trigger the formation of a plasma between a cathode and anode. The 

cathode typically consists of a rod of the pure material that is to be deposited. Carbon and 

many metals are commonly used as the cathode material. The cathode is housed in an anode 

body of stainless steel, with a connecting ceramic cylinder. This cylinder is painted with a 

common pencil to form a layer of graphitic carbon to enable the current flow. At high 

voltages, an electric arc generated between the anode and cathode results in the vaporization 

of the cathode material. The arc is triggered in pulses, which allows for an easier 

characterization of the amount of material deposited, with a specific pulse count. The pulsing 

also limits the thermal loading of the cathode, which has been linked to higher macroparticle 

contamination of the thin film [35]. The macroparticle formation can be further limited by 

using an electromagnetic filter, for example in the shape of curving spring, which causes the 

plasma plume to turn towards the substrate, while macroparticles continue in a straight line, 

away from the cathode/anode assembly. Figure 6 depicts a schematic of the p-FCVA system 

and the cathode/anode assembly used in this work. [5] 

 

Figure 6.  a) Schematic of p-FCVA in a vacuum chamber: plasma source with parallel 

 cathode/anode assemblies C1 and C2, electromagnetic filter and substrate. b) Arc 

 source with parallel cathodes in an anode assembly with a ceramic, cylindrical 
 connection piece. Modified from [5]. 



 

 

12 

 

Deposition rate in the p-FCVA method follows equation 1, where it is shown in relation to 

the film density, pulse count, amount of substance, substrate area and molar mass. For 

substance amount, the cathode purity is important to consider. This equation is used for the 

system calibration, as samples can be produced with known pulse counts and molar masses 

on substrates with a measured surface area. The film densities and thicknesses can then be 

characterized from the deposited films with the help of an x-ray reflectometer (XRR). 

Together, these parameters are then used for the deposition rate calibration.  

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒

𝑝𝑢𝑙𝑠𝑒 𝑐𝑜𝑢𝑛𝑡 ∙ 𝑎𝑟𝑒𝑎
=

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∙ 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
 

(1) 

 

3.3 Nitrogen doping in p-FCVA 

 

Nitrogen doping of carbon thin films has been conducted in two different ways in the FCVA 

system – by the single and the dual ion source methods [4]. With the single ion source 

method, pure nitrogen gas is introduced into the deposition chamber after macroparticle 

filtration, where the energetic species from the cathode collide with N2 molecules. 

Depending on the kinetic energy present in the energetic species, the N2 bond is severed and 

atomic nitrogen is sent into the substrate as an intentional impurity in the carbon structure, 

usually modifying the neighboring region of carbon bond hybridization as well. Nitrogen 

atom fraction in the final ta-C structure varies in relation to nitrogen pressure during 

deposition. Equation 2 shows this relationship in millibars when deposition occurs in room 

temperature and 100 eV ion energy with the non-pulsed FCVA method. The equation is 

estimated for pressures below 10-3 mbar as below this pressure carbon is still generally able 

to accept nitrogen dopants [36]. 

𝑥𝑁 ≈ 4500 ∙ (𝑝𝑁2
[𝑚𝑏𝑎𝑟])0.9 (2) 

Changing this relationship to mTorr, the equation becomes as in equation 3 for pressures 

below 0.75 mTorr. 

𝑥𝑁 ≈ 4500 ∙ (
𝑝𝑁2

[𝑚𝑇𝑜𝑟𝑟]

750.062
)0.9 

(3) 

The variation of nitrogen content based on nitrogen partial pressure from results collected 

by Kleinsorge et al. [37] shows nitrogen to reach saturation with unfiltered and filtered 
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cathodic vacuum arc methods around 10-2 mbar (7.5 mTorr) with film nitrogen amounts of 

ca. 30 at%, after which with higher pressures the amount of nitrogen present in the structure 

begins to decrease. This saturation point for nitrogen is not always reached, however, as 

lower atomic fraction maximums have been reported [37,38]. Saturation has been deemed 

often to be the result of a decrease in ion energy due to increased nitrogen pressures [37]. 

The problem in the single ion source method originates from ionization loss with high 

nitrogen pressures, where mean free path decreases and collisions between nitrogen and 

carbon become more frequent [36]. This ion energy decrease affects carbon sp3 bonded film 

formation and has prevented nitrogen incorporation to reach the desired amounts required 

for the C3N4 structure to form [39]. Figure 7 by Kleinsorge et al. [36] displays the decrease 

in ion energy distribution as well as ion current density with increased nitrogen pressure. 

These figures reveal how large an effect nitrogen pressure has in the deposition chamber and 

highlights the need for other approaches when carbon thin films with high nitrogen amount 

are sought to be deposited. 

 

Figure 7.  a) Ion energy distribution (IED) in the plasma beam with different nitrogen 

 pressures. b) Ion current density effect with increasing nitrogen pressure. Modified 
 from [36]. 

 

The dual ion source method is another approach for nitrogenated carbon film formation, 

where separate ion beams are used for carbon and nitrogen ions. This method has been used 

by Rodil et al. [39] to maintain sp3 hybridized carbon bonding with higher nitrogen contents 

than has been previously achieved with the single ion source method. There, the sp3 

hybridized carbon bonding was observed to decrease linearly with the addition of nitrogen 

content, indicating that sp3 bonding is not affected between carbon atoms with the 
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introduction of nitrogen. With the single ion source method, a more sudden decrease is 

observed due to nitrogen-initiated ion energy decrease leading to sp2 bonding [30]. The use 

of dual ion sources also has a potential to provide more control over the deposition process 

as carbon and nitrogen ion introduction can be adjusted independently [4]. However, this 

approach quickly increases in deposition process complexity for this same reason. In 

general, an increase in nitrogen content causes a decrease in sp3 content, although its 

variation is highly dependent on the deposition system [31]. Thus, the nitrogen content in 

the film does not always result to a unique amount of sp2 hybridized bonding. 

With the addition of nitrogen, the properties of ta-C:N undergo a drastic change. At first, 

when the material’s total nitrogen content is less than ca. 10 %, the nitrogen acts as a 

substitutional dopant in the sp3 structure [30]. This allows for the already existing sp2 

hybridized areas of the structure to condense into clusters, reducing the band gap, until at 

ca. 10% when sp2 bonding overlaps the amount of sp3 bonding. Kleinsorge et al. [30] 

mention, that this behavior shows no significant changes with ion energies from 20 to 

250 eV present in FCVA deposition. With the increase of nitrogen content over 10 %, 

density of the structure is seen to drop very quickly. For example, an increase from 11 % to 

17 % in nitrogen content has been shown to lead to a density change from 3.3 ± 0.3 to 

2.1 ± 0.3 g/cm3 in FCVA [32].  This change in density can be understood by comparing to 

diamond and graphite. Purely diamond-like structure has a density of 3.51 g/cm3, while 

purely graphite-like structure has a density of 2.27 g/cm3. Increasing nitrogen content over 

17 % can therefore result in highly graphite like amorphous carbon films. The film 

deposition parameters used in this work are discussed more in detail in the Experimental 

methods -chapter.  

 

3.3.1 Characterization of nitrogen-doped a-C 

 

Raman spectroscopy is a particularly well-suited method for the characterization of carbon 

materials’ molecular morphology, due to its sensitivity towards highly symmetric covalent 

bonds with no natural dipole movement, such as the carbon-carbon bonds [40]. Raman 

spectroscopy allows for the observation of the G- and D-peaks, which appear for the carbon 

structure due to sp2 hybridized bonding. The G-peak arises from carbon-carbon bond in-

plane stretching around the wavelength of 1560 cm-1, while the D-peak is caused by 
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disorders in the sp2 structure, such as impurity defect sites or zone boundaries, and is visible 

around the wavelength of 1360 cm-1 [41]. While the G-peak results from all sp2 bonded sites, 

D-peak is only the result of graphitic six-fold ring structures [4]. This becomes an important 

distinction in the investigation of carbon structures. 

G-peak dispersion in Raman shift has been reported by Ferrari et al. [31] to provide 

information about the sp3/sp2 bonding disorder in amorphous carbons. The amount of chain-

bonding and clustering increases the G-peak Raman shift values, while bonding disorder 

decreases them [4]. D-peak intensity grows with the increase in ring-type clustering. The 

ratio of the D- and G-peaks’ intensities, the ID/IG-ratio, can be used to characterize the level 

of sp2 hybridized bonding clusters in carbon materials. While D-peak only considers the six-

fold ring structures, ID/IG decreases with the loss of ring-type bonded structure clusters and 

gain of chain-bonded groups, fractionally.  

In amorphous carbon materials the present sp2 hybridized bonds make Raman spectroscopy 

a viable method, even though sp3 bonds are not detected and do not affect the D- and G-

peaks. Thus, Raman spectroscopy is incapable of measuring the ratio of sp2 and sp3 bonds, 

instead providing information about the clustering of sp2 hybridized bonds initiated by 

impurities such as nitrogen. Whether the nitrogen doping system (doping or non-doping) 

actually increases sp2 bonding remains undetectable with this method. [29] 

Nitrogenated amorphous carbon films’ Raman spectra differ little from those of 

corresponding amorphous carbon thin films [31,42]. For example, the region of G- and D-

peaks offers little distinction between bonding modes due to carbon and nitrogen atoms, as 

stated by Ferrari [31]. The carbon-nitrogen bond is thus measured in a similar way as carbon-

carbon bonds in the ID/IG-ratio.  
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4 Electrochemistry and amorphous carbon 
 

A typical three-electrode electrochemical cell set-up consists of a working electrode (WE), 

a counter electrode (CE) and a reference electrode (RE). An electrolyte solution is used to 

provide a connection between the working and counter electrodes and supply the necessary 

ions for electrical conductivity. Potential is changed at the working electrode and measured 

against the reference electrode, while the current resulting from electrochemical reactions is 

measured between the working and counter electrodes. The WE surface properties, such as 

functional groups and topography, influence surface reactions and the electrochemical 

activity of the analyte, making modifications such as doping and nanostructure growth on 

the surface potentially advantageous. 

Electrical double layer (EDL) is often used to model the surface reactions at the WE surface 

between the surface material and the ions present in the electrolyte. EDL consists of three 

parts - the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP) and the diffusion 

layer. The Helmholtz planes consist of an inner surface layer of adsorbed ions, as well as an 

outer layer of electrostatically attracted ions which are unable to adsorb on the surface due 

to a solvent sheath. The charging of these ions depends on the applied potential, which is 

balanced by a current flow between WE and CE [43]. Diffusion layer contains a collection 

of solvated cations and anions, the concentration of which gradually reduces with distance 

from the electrode. [44] Figure 4 depicts the electrical double layer formed at an electrode-

electrolyte interface. 
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Figure 4.  The electrical double layer present at the surface of a working electrode. Modified 
 from [45]. 

 

The charging of the electrical double layer causes a current to flow between the working and 

counter electrodes during an electrochemical measurement. This process forms an electrical 

circuit, which can be depicted by an equivalent circuit model. Figure 5 depicts a simplified 

Randles circuit model of the electrochemical system between counter electrode (CE) and 

working electrode (WE). [43,46] 

 

Figure 5.  Simplified Randles circuit [43]. 
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The Randles circuit shown in Figure 5 consists of three elements. In contact with the counter 

electrode is RΩ, which represents the electrolyte’s resistance towards the current flow. On 

the working electrode, however, there exists two possible routes for the current to flow 

depending on which direction the current is flowing - to or from the electrode. In Figure 5, 

the route named as “Double-layer charging” is a current flow that does not involve the 

transfer of electrons at the electrode’s surface. It only refers to the charging process of the 

double layer. The other route, in turn, involves the transfer of electrons. Mass-transport 

processes in electrochemistry are termed Faradaic, whereas processes where mass transport 

does not occur are termed as non-Faradaic [47]. The Faradaic and non-Faradaic processes 

form an impedance circuit consisting of the resistance and capacitance acting at the surface 

of the working electrode. [43] 

Faradaic and non-Faradaic current form the total current at the electrode, as is shown in 

equation 4. Here, 𝑖 refers to the Faradaic current and 𝑖𝑐 refers to the non-Faradaic current. 

𝐼 = 𝑖 + 𝑖𝑐 (4) 

As Faradaic current is the current resulting from electron transfer, it can be written as shown 

in equation 5, where 𝑛𝐹 is the total transferred charge, 𝐴 is the electrode area and 𝑣 is the 

scan rate. 

𝑖 = 𝑛𝐹𝐴𝑣 (5) 

In the case of cyclic voltammetry, non-Faradic current refers to the charging current (𝑖𝑐), 

which is the charging of the electrical double layer on the surface of the electrode at high 

scan rates. As shown in equation 6, the non-Faradic charging current depends on electrode 

area (𝐴), double-layer capacitance (𝐶𝑑𝑙) and scan rate (𝑣). In practical cases, double-layer 

capacitance is replaced by a constant phase element, as 𝐶𝑑𝑙 generally does not behave ideally 

like a capacitor [48]. 

𝑖𝑐 = 𝐴𝐶𝑑𝑙𝑣 (6) 

Together, the Faradaic surface current and non-Faradaic charging current form a so-called 

pseudo-capacitive current. 

 

 

 



 

 

19 

 

4.1 a-C electrochemical properties 

 

Carbon materials have a multitude of interesting properties that are beneficial in 

electrochemical measurements. They are electrocatalytically active and offer a wide 

potential window, while being easily available and affordable. Amorphous carbons have the 

added benefit of being able to tailor these properties with changes to the bonding and 

structure of the material. 

Recently, diamond-like carbon materials have received a lot of attention for electrode 

manufacture, due to properties like good chemical inertness to acids, alkaline solutions and 

organic solvents as well as wear resistance, high hardness and high elastic modulus [49]. An 

additional point of interest is the DLC’s stability in the presence of phosphate buffered saline 

(PBS) solution [50]. This solution is often used in electrochemical analysis since its osmotic 

concentration and ion concentrations are very close to those of the human body and it is 

generally non-toxic to most cells.  

The problems related to the use of DLC as an electrode material arise from its lack of 

selectivity towards specific analytes in environments where interfering species are also 

present. This has proved in situ measurements difficult for example in the case of dopamine 

and other neurotransmitters [7,49,51,52].  Various structural and surface modifications of 

DLCs have been investigated recently to improve this property towards more reliable 

sensing [8–10]. 

Nitrogen doping of ta-C has been shown to improve the material’s conductivity and possibly 

enhance its electrochemical properties [53–56]. ta-C:N offers stability rivaling that of boron-

doped diamond, another widely used carbon-based material for electroanalytical 

applications [53]. Cao et al. [24] mention how in their computational model of ta-C:N 

electrochemistry, nitrogen doping “enhanced the dopamine adsorption by stabilizing the 

surface energy”, while also establishing that too much doping can result in disrupted 

conductivity and adsorption. The experimental part of this thesis aims to determine whether 

nitrogen doping of the ta-C structure improves its selectivity towards neurotransmitters.  
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5 Experimental methods 
 

This chapter provides an overview of the film deposition and characterization methods used 

in this work. The deposition process and parameters used for the formation of the ta-C:N 

thin films with differing dopant amounts are listed in the first section. The following film 

characterization section introduces the methods used to physically identify the composition, 

thickness, density and robustness of the films. Finally, the electrochemical characterization 

section presents the electrochemical methods that were used to determine the suitability of 

ta-C:N in sensing applications, against pure ta-C.  

 

5.1 Film deposition  
 

In this work, amorphous carbon films were deposited on silicon wafer substrates using the 

pulsed filtered cathodic vacuum arc (p-FCVA) deposition method. The depositions were 

carried out in a stainless-steel vacuum chamber (from Kurt J. Lesker Company) at a high 

vacuum base pressure of 5 · 10-7 mTorr. The pumps used for achieving vacuum were a BOC 

Edwards dry roughing pump (model XDS10) and a Cryogenics cryo-Torr cryo pump (model 

CT8F). The cathodes used for carbon deposition were graphite rods from GraphiteStore 

(MW001192, density of 1.84 g/cm3, reported average particle size of 0.0020 mm, purity of 

99.95 %). Cathode rod properties such as grain size, density and purity are important to keep 

the same, so that between depositions the method can be kept comparable. As an additional 

measure, a toroidal 45° electromagnetic filter was used to prevent macro-scale particles from 

disrupting the uniform growth of the film. 

Three different types of nitrogen-doped samples were produced with different amounts of 

nitrogen present in the deposition atmosphere with the single ion source method, along with 

the reference ta-C samples with no nitrogen doping. The nitrogen pressures used for the 

deposition of different doped samples were 0.01 mTorr, 0.1 mTorr and 1 mTorr. As nitrogen 

doping was conducted with the single ion source method, nitrogen gas was inserted into the 

chamber to act as a background gas during the depositions. The nitrogen atoms are thus 

incorporated into the carbon plasma and deposited onto the substrate, thereby doping the 

carbon thin film. After nitrogen introduction, the total pressure in the chamber was measured 
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and controlled by a capacitance manometer. Total pressure reached ca. 2.2 · 10-4 mTorr for 

0.01 mTorr samples, ca. 3.3 · 10-4 Torr for 0.1 mTorr samples and ca. 1.2 · 10-3 for 1 mTorr 

samples [57].  

The power supply for the deposition system consisted of a 2.6 mF capacitor bank charged 

to 400 V. This charge was applied in pulses with a frequency of 1 Hz, triggering the arc 

between cathode and anode, and consequently generating the plasma plume of carbon 

particles directed towards a silicon wafer substrate. Charge pulsing was controlled by a self-

designed Labview program, and the cathode and anode assembly were water cooled to assist 

with longer depositions where thermal expansion of system components becomes a risk. 

Substrates were placed at 220 mm distance from the electromagnetic filter and rotated at 

17 rpm to ensure homogenous formation of carbon films, taking the pulse frequency into 

account. Float voltage and room temperature were maintained at the substrate. Films were 

deposited on boron-doped p-type silicon (100) wafers manufactured by Siegert Wafer, with 

a resistivity of <0.005 Ωcm. Before each deposition, a pre-clean was conducted for carbon 

rods with 200 pulses. The deposition itself consisted of 1500 pulses.   

Repeatability of the process was upheld as well as possible with a maintenance step, where 

the carbon rod cathode and surrounding assembly were cleaned and refurbished between 

each deposition in a similar fashion. The carbon rod was ground flat with sandpaper, as arc 

formation tends to favor areas of low resistance. On carbon cathodes, the arc spot has lower 

resistance than its surroundings, meaning that previously used cathode must be ground flat 

so that the deposition rate is not affected by the previous arc spot [4]. The cathode rod 

ceramic assembly was repainted with pencil graphite to allow sufficient current flow. A 

maximum resistance of 550 Ω was allowed for the cathode assembly. Same carbon cathode 

and assembly were used for each deposition to keep deposition rate and film formation in a 

similar range more easily. 

The deposition rate of the pulsed filtered cathodic vacuum arc system was first calibrated by 

depositing thin films with certain amounts of pulses, according to equation 1. Based on the 

calibration, the pulse count was set to 1500 in this work to achieve thin films with a thickness 

of ca. 30 nm. The samples used in this thesis are outlined in Figure 8. 
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Figure 8.  Explanation of different sample types based on their nitrogen content and their 

 individual thin film samples used in this work. Three samples of each type were 

 produced for reliability of results. 

 

5.2 Film characterization 

 

Several characterization methods were used to determine the physical properties of the 

nitrogenated tetrahedral amorphous carbon samples. Structural information on the 

hybridization of the carbon bonding in the doped sample is beneficial to gather, to better 

understand the material’s behavior in electrochemical sensing.  

 

5.2.1 X-ray reflectivity 

 

X-ray reflectivity (XRR) measurements were conducted to determine the thickness, density 

and roughness of the thin films. XRR characterization occurs by reflecting a grazing 

incidence beam of x-rays from the thin film sample surface and measuring the reflection’s 

intensity in the specular direction around the critical angle for total reflection. The structure 

of the film determines the intensity of the reflection. The method is non-destructive and ideal 
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for the characterization of layered thin film structures, as interfaces and structural 

differences are clearly detected. [58] 

A Rigaku SmartLab diffractometer, with a rotating 9 kW copper anode and a HyPix-3000 

2D single photon detector here operated in 1D mode was used to measure the density, 

thickness and roughness of the deposited films. The measurements were done over a 2θ 

range of 0-5 degrees. Step size was kept at 0.0002 degrees with a scan rate of 

0.4084 deg./min.  

Rigaku Global fit software was used for the analysis of resulting intensity vs. 2θ curves. 

These curves were normalized and fitted utilizing the Parratt recursion formalism, which 

allowed for film parameters of thickness, density and roughness to be determined [58]. 

Single-crystal silicon with a theoretical density of 2.33 g/cm3 and roughness of 0.3 nm was 

used in the modeling of these films. A maximum of 2 nm thick silicon oxide layer was also 

modeled with a density of 2.11 and maximum of 0.5 nm surface roughness. ta-C:N layer 

density was modeled, limited between the densities of diamond and graphite, with a 

maximum thickness of 30 nm. 

 

5.2.2 Raman spectroscopy 

 

Raman spectroscopy was conducted for the samples with a Horba Jobin-Yvon Labram HR 

confocal Raman system. An argon laser with a wavelength of 488 nm and a 10 nW power 

was used. The Raman system worked in conjunction with an Olympus microscope with a 

100x objective and 1 µm spot size. A wavelength range of 50 to 3000 cm-1 was measured 

for each Raman spectrum with an exposure time of 15 s, repetition of 2 and diffraction 

grating of 600 lines/inch. System calibration was done using a piece of intrinsic silicon wafer 

from Ultrasil. The known silicon peak was fitted to 520 cm-1. At least three measurements 

were taken from each sample at different areas on the sample surface. Each sample’s 

spectrum was analyzed to obtain amorphous carbon D- and G-peaks by subtracting the 

background. As Raman is an optical measurement, the real background is exceedingly 

difficult to remove correctly so that the peaks themselves remain unaffected. Here, the 

background removal occurred in as similar a fashion as possible for each measurement to 

keep the effect the same for each data spectrum. 
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5.3 Electrochemical characterization 
 

The ta-C:N and reference ta-C coated silicon wafers were used as working electrodes for the 

electrochemical measurements. The electrodes were prepared by packaging roughly 

5 mm × 5 mm hand-cleaved pieces of the coated Si wafers, using Teflon PTFE-tape onto a 

copper FR4 strip, with silver paste for contacting the copper strip and backside of silicon 

wafer. Silver conductive paste was applied as a droplet onto the wafer backside with a 

common paint brush and was left to dry for ca. 1 hour. The painted area was applied in one 

droplet, to prevent interface formation which could harm the connection. Brush-stroke 

markings were also avoided as well as possible for this reason. 

After the silver paint had dried, the Si wafer pieces were packaged on top of a thin strip of 

FR4 copper laminate material (MG Chemicals) using a piece of PTFE tape (Irpola). The 

Teflon tape covered the copper strip and wafer piece except for a 3 mm diameter hole. This 

way, a uniform exposed working electrode area was maintained in all the measurements.  

All the electrochemical measurements were conducted using a Reference 600 -potentiostat 

from Gamry Instruments and controlled by the Gamry Framework -software. A three-

electrode cell configuration was used for the electrochemical measurements of the prepared 

ta-C and ta-C:N working electrodes, where a length of platinum wire was used as a counter 

electrode and the reference electrode was an Ag/AgCl reference electrode from Radiometer 

Analytical (+0.199 V vs. SHE). Gamry Echem Analyst software was used to process the 

data from the various electrochemical measurements. 

 

5.3.1 Cyclic voltammetry 

 

Cyclic voltammetry (CV) measurements were conducted for three electrodes using three 

thin film samples from each of the four different sample types. The uncompensated 

resistance (Ru) of each electrode was first measured in a phosphate buffered saline (PBS) 

supporting electrolyte solution. Electrodes with Ru values greater than ca. 225 Ω were 

discarded, as the ohmic drop effect becomes too great. Electrodes with lower values were 

accepted for further measurements. 
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Four different analytes - namely 100 µM dopamine (DA), 1 mM ascorbic acid (AA), 1 mM 

uric acid (UA) and 1 mM paracetamol (PA) - prepared in a PBS supporting electrolyte were 

measured for each of the sample types. The potential window was kept between -0.2 to 0.8 V 

(vs. Ag/AgCl) [59,60], for all the measurements, which corresponds to the dopamine redox 

window. The aim in this thesis was kept on the determination of the effect of common 

interferents on dopamine sensing. Scan rates of 25, 50, 100, 200, 300, 400 and 500 mV/s, 

each with two cycles, were measured with each electrode. The effect of nitrogen doping on 

the oxidation and reduction peak potentials (Ep) as well as peak currents (Ip) was studied for 

each analyte.  

Water window measurements were also conducted for each sample type in PBS. The sample 

electrodes were cycled with a scan rate of 400 mV/s until a steady state was reached in a 

current range from -200 µA to 200 µA. The steady state slope around zero current gives the 

capacitive current of the electrode. Here it was measured from the slope between -50 and 

50 mV. The slope can be used to determine pseudo-capacitance by relating it to the used 

scan rate.  

Outer sphere electron transfer kinetics were investigated by 1 mM hexaammine ruthenium 

(Ru(NH3)6) CV measurements, which are insensitive to the surface chemistry [61]. 1 mM 

KCl was used as a supporting electrolyte in these measurements. Again, scan rates of 25, 

50, 100, 200, 300, 400 and 500 mV/s were measured for 2 cycles each. Measurements were 

taken for a single electrode of each sample in ruthenium, instead of three as used for the 

other analytes. 

 

5.3.2 Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) measurements were conducted for each 

sample type to investigate their charge transfer resistance (Rct) and double-layer capacitance 

(Cdl) as a function of increase in nitrogen doping. 5 mM Ru(NH3)6 in 1 M KCl was used for 

these measurements. An alternating current (AC) signal was used with a 15 mV amplitude 

at a frequency range from 150 kHz to 0.1 Hz. The direct current (DC) bias voltage was set 

at the formal potential of Ru(NH3)6 as determined from the analyte’s cyclic voltammetry 

measurements, measured separately for each electrode. Average DC bias voltage was 
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ca. -165 mV (vs Ag/AgCl). In this thesis the results consist of only one measurement with a 

single electrode of each sample type.  
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6 Results 
 

In this chapter, the results obtained from the physical characterization of the undoped and 

nitrogen doped ta-C thin film samples, as well as their electrochemical measurements are 

listed. First, the investigation of basic film qualities is reported, after which the 

electrochemical properties of nitrogenated ta-C films are compared to pure ta-C films. From 

here-on, the different samples are referred to as follows: ta-C ref for the undoped tetrahedral 

amorphous carbon reference samples, ta-C:N 0.01 mTorr for samples with an added N2 

pressure of 0.01 mTorr present in the chamber during deposition, ta-C:N 0.1 mTorr for 

samples with an added N2 pressure of 0.1 mTorr and ta-C:N 1 mTorr for samples with an 

added N2 pressure of 1 mTorr. 

 

6.1 Film characterization 

 

Equation 3 can be used to estimate the fraction of nitrogen atoms in the ta-C structure. This 

equation is only estimated from measurements conducted in pressures of less than 

0.75 mTorr, so the ta-C:N 1 mTorr samples are only measured as an estimated maximum. 

This has been assumed since the saturation effect was reported to decrease from the 

estimation given by the equation [37]. With the nitrogen pressures of 0.01 mTorr, 0.1 mTorr 

in the chamber during deposition, the estimation is still kept accurate. These estimations are 

listed in Table 1. 

Table 1.  Estimated fractions of nitrogen atoms in ta-C:N samples. 

 Pressure (mTorr) Nitrogen atom fraction (at%) 

ta-C ref 0 0 

ta-C:N 0.01 mTorr 0.01 0.18 

ta-C:N 0.1 mTorr 0.1 1.46 

ta-C:N 1 mTorr 1 ≤ 11.6 

 

The estimated nitrogen atomic fraction in Table 1 for ta-C:N 1 mTorr samples is still 

achievable according to results obtained by Stanishevsky et al. [62] as well as Chhowalla et 

al. [63], although Kleinsorge et al. [36] have reported a failure to reach values of more than 
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8 at%. All these results were achieved with a non-pulsed FCVA deposition method so the 

effect of pulsing in deposition is not considered in Table 1. 

 

6.1.1 X-ray reflectivity 

 

X-ray reflectivity was used to determine two factors affecting the applicability of the 

samples. Firstly, it measured how the amorphous carbon thin films had formed with 

information about their thickness and roughness. Secondly, the measured density could be 

used to predict how the sp2 hybridized clusters had formed within the otherwise mainly sp3 

hybridized ta-C structure due to the difference in densities of sp3 and sp2 hybridized 

structure. As was mentioned in the experimental methods chapter, the ideal, calibrated 

thickness aim was 30 nm. Average values for thickness, roughness and density as measured 

using XRR are given in Table 2 along with their standard deviations.  

Table 2.  Average thicknesses, roughnesses and densities achieved for each sample type, 

 with their standard deviations. Calculated from three measurement counts. 

 Thickness (nm) Roughness (nm) Density (g/cm3) 

ta-C ref 26 ± 1.2 0.55 ± 0.02 3.02 ± 0.02 

ta-C:N 0.01 mTorr 28 ± 1.2 0.50 ± 0.02 2.92 ± 0.07 

ta-C:N 0.1 mTorr 28 ± 0.4 0.49 ± 0.09 2.91 ± 0.01 

ta-C:N 1 mTorr 28 ± 0.8 0.50 ± 0.14 2.68 ± 0.06 

 

Figure 2 (by Robertson [4]) relates tetrahedral amorphous carbon film density to the sp3 

hybridized bond fraction of the total structure. The measured densities of ta-C and ta-C:N 

are related according to this figure to the expected sp3 fraction in Table 3.This expectation 

is only an assumption based on the mass density measured with XRR, and does not consider 

the effect of nitrogen on the film. It does, however, give an estimation for the reference ta-C 

samples and a point of reference for ta-C:N samples, since nitrogen bonding type remains 

unknown. 
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Table 3.  The densities of reference and ta-C:N samples related to the estimated sp3 fraction. 

 Density (g/cm3) Estimated sp3 fraction (at%) 

ta-C ref 3.02 ± 0.02 72 

ta-C:N 0.01 mTorr 2.92 ± 0.07 66 

ta-C:N 0.1 mTorr 2.91 ± 0.01 66 

ta-C:N 1 mTorr 2.68 ± 0.06 54 

 

Figure 9 displays the XRR results for one sample of each sample type as an example. The 

complete list of thickness, roughness and density values of all the measured samples is listed 

separately in appendix A.  

 

  

  

Figure 9.  XRR results for a) reference ta-C, b) ta-C:N 0.01 mTorr, c) ta-C:N  0.1 mTorr, and 

 d) ta-C:N 1 mTorr showing a plot of measured data points and a calculated plot 
 iterated in relation to the film’s physical qualities. 
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6.1.2 Raman spectroscopy 

 

Raman spectroscopy measurements were conducted for each of the sample types. This 

method was used to estimate the carbon D- and G-peaks which give information about the 

structure of the formed amorphous carbon film. The ratio of D- and G-peak intensity is given 

as the ID/IG -value. The higher this ratio is, the more sp2 clustering can be assumed to be 

present in the structure. Examples of each of the sample types’ Raman spectra are shown in 

Figure 10. 

  

  

Figure 10.  Example Raman spectra of a) ta-C ref, b) ta-C:N 0.01 mTorr, c) ta-C:N 0.1 mTorr, 
 and d) ta-C:N 1 mTorr samples. The ID/IG ratios of each sample are calculated and 

 shown to increase with the increase of nitrogen pressure during deposition. 

 

Table 4 contains the average G-peak positions of each investigated sample type. G-peak 

shift with increased nitrogen amount gives information about the sp2-hybridized bonds. 
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Table 4.  Average G-peak positions for each investigated sample type.  

 Average G-peak position 

(nm-1) 

G-peak standard deviation 

(nm-1) 

ta-C ref 1569 3.8 

ta-C:N 0.01 mTorr 1569 2.7 

ta-C:N 0.1 mTorr 1569 1.9 

ta-C:N 1 mTorr 1565 1.5 

 

Raman measurements and analyses were conducted in a similar fashion for each iteration of 

the sample types and their average ID/IG-values and standard deviations were calculated from 

three separate sample measurements. These were then compared with the densities obtained 

in XRR measurements, as both values tell of the material’s structure. This comparison is 

shown in Figure 11 in relation to the amount of nitrogen in the samples’ structure. 

Appendix B contains more information on the analyzed Raman spectra, including the 

complete ID/IG ratios.  

 

Figure 11.  Averages and standard deviations of ID/IG-values and densities in relation to the 

 nitrogen doping amount. 
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6.2 Electrochemical characterization 

 

Electrochemical methods utilized in this thesis consisted of various cyclic voltammetry 

measurements to determine the behavior of different samples in measuring both inner sphere 

and outer sphere redox probes. Electrochemical impedance spectroscopy was also conducted 

to gather information about the charge transfer resistance and double layer capacitance of 

the different nitrogen doped ta-C films. 

 

6.2.1 Water window 

 

Firstly, with cyclic voltammetry, water window ranges were measured for each varying 

nitrogen pressure amorphous carbon sample, with a 400 mV/s scanning rate and a current 

threshold of 200 µA. Water window results in phosphate-buffered saline (PBS) are shown 

in Figure 12.  

 

Figure 12.  Water window measurement in PBS. 

 



 

 

33 

 

With the introduction of nitrogen, a slight decrease can be seen in the water window potential 

range. Table 5 lists the water window characteristics of the different samples in PBS. The 

difference between the anodic (Epa) and cathodic (Epc) peak potentials, ΔEp, tells the size of 

the water window as a potential range. Pseudo-capacitance (C) is calculated from the slope 

at -200 mV to 200 mV potential range, using the scan rate 400 mV/s as well as electrode 

area 0.07069 cm2. 

 

Table 5.  Anodic (Epa) and cathodic (Epc) potentials and their potential difference ΔE. 

 Pseudo-capacitance (C) has also been calculated from the -200 to 200 mV potential 

 range.  

 Epa (V) Epc (V) ΔE (V) C (µF/cm2) 

ta-C ref 1.8 -2.6 4.4 69 

ta-C:N 0.01 mTorr 1.8 -2.4 4.2 64 

ta-C:N 0.1 mTorr 1.8 -2.4 4.2 73 

ta-C:N 1 mTorr 1.7 -2.4 4.1 82 

 

 

6.2.2 Dopamine 

 

Dopamine CV measurements were conducted with a concentration of 100 µM in PBS, in a 

potential window of -0.2 to 0.8 (V vs Ag/AgCl). Figure 13 shows an example of the 

dopamine cyclic voltammetry results with a scan rate of 400 mV/s. Table 6 lists the cyclic 

voltammetry peak potentials and peak currents with both 100 mV/s and 400 mV/s scan rates. 
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Figure 13.  Dopamine oxidation and reduction reaction peaks for ta-C ref, ta-C:N 0.01 mTorr, 

 ta-C:N 0.1 mTorr and ta-C:N 1 mTorr  samples with scan rate of 400 mV/s. 

 

Table 6.  Oxidation (Ep, ox, mV), and reduction (Ep, red, mV) peak potentials, peak separations 

 (ΔEp, mV) and peak currents (Jp, µA/cm2) for dopamine measurements. 

Nitrogen 

(mTorr) 

100 mV/s 400 mV/s 

Ep, ox  Jp, ox Ep, red Jp, red ΔEp Ep, ox Jp, ox Ep, red Jp, red ΔEp 

0 (ref) 392 

± 18 

35 

± 9 

70 

± 2 

1 

± 2 

322 434 

± 24 

62 

± 12 

43 

± 5 

-18 

± 2 

391 

0.01 393 

± 26 

33 

± 7 

70 

± 6 

1 

± 2 

323 451 

± 22 

64 

± 10 

42 

± 7 

-21 

± 3 

410 

0.1 337 

± 11 

28 

± 6 

78 

± 3 

-1 

± 2 

259 367 

± 14 

58 

± 8 

60 

± 4 

-25 

± 2 

306 

1 389 

± 25 

34 

± 4 

69 

± 5 

0 

± 1 

320 419 

± 34 

63 

± 6 

50 

± 7 

-23 

± 2 

369 

 

It was recognized from the dopamine measurement results that the addition of nitrogen to 

the ta-C structure affected the ΔEp. According to the average values, the potential separation 

appears to increase slightly, if at all, with the ta-C:N 0.01 mTorr samples, after which a 

sudden decrease is seen with ta-C:N 0.1 mTorr samples. With the increase to 1 mTorr, 

however, the separation appears to increase once more. For each sample type, the oxidation 
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peak formed much larger standard deviation when compared with reduction peak. This was 

the case for all measured scan rates. 

 

6.2.3 Dopamine interferents 

 

The common interferents to dopamine sensing in vivo have been measured with cyclic 

voltammetry in the dopamine potential window of -0.2 to 0.8 (V vs Ag/AgCl) to determine 

whether their oxidation and reduction peaks appear too close to interfere with dopamine 

sensing. The effect of nitrogen in the ta-C structure on the redox peak positions of the 

different interferents is investigated. Figures 14 and 15 show the dopamine peak measured 

with 400 mV/s and 100 mV/s scan rates compared to the ascorbic acid, uric acid and 

paracetamol peaks for electrodes of each sample type. Dopamine concentration was 100 

µM, while all the interferents were used with a concentration of 1 mM. Smaller 

concentration of dopamine was used as in in vivo measurement its concentration is much 

smaller than those of its interferents. All cyclic voltammetry measurements were here 

conducted within the dopamine potential window, as the interferents’ peak positions were 

deemed within the bounds of this thesis to only be of interest in relation to the dopamine 

peak. The analytes are referred to in the following figures as DA for dopamine, AA for 

ascorbic acid, UA for uric acid and PA for paracetamol. Appendix C contains the same CV 

result scans, with an added focus on the dopamine oxidation peak. 
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Figure 14. a) ta-C ref, b) ta-C:N 0.01 mTorr, c) ta-C:N 0.1 mTorr, and d) ta-C:N 1 mTorr 
 dopamine CV results compared to ascorbic and uric acid as well as paracetamol 

 CV results within the same potential window. Scan rate of 400 mV/s was used 

 during the measurements. 
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Figure 15. a) ta-C ref, b) ta-C:N 0.01 mTorr, c) ta-C:N 0.1 mTorr, and d) ta-C:N 1 mTorr 
 dopamine CV results compared to ascorbic and uric acid as well as paracetamol 

 CV results within the same potential window. Scan rate of 100 mV/s was used 

 during the measurements. 

 

Figures 14 and 15 show that the DA oxidation peak current remains very small, compared 

to its common interferents. DA and its interferents show that the peak placements on the x-

axis appear to remain largely unaffected with reference and ta-C:N 0.01 mTorr samples. A 

shift is noticed with the increase of nitrogen to ta-C:N 0.1 mTorr so that DA oxidation occurs 

with a slightly decreased potential. This time the interferents, especially AA and PA, appear 

to shift their oxidation peak potential in a similar fashion as DA. In the case of ta-C:N 

1 mTorr, the effect seems to reverse and peak placement begins shifting back to values 

measured with the ta-C reference and ta-C:N 0.01 mTorr samples.  
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6.2.4 Hexaammine ruthenium  

 

Hexaammine ruthenium cyclic voltammetry measurements were conducted to investigate 

the outer sphere electron transfer kinetics. Figure 16 depicts the cyclic voltammogram for 

1 mM Ru(NH3)6 in 1 M KCl in a potential range of -0.4 to 0.1 (V vs Ag/AgCl) at a scan rate 

of 400 mV/s. The oxidation and reduction peak potentials and currents as well as peak 

potential differences (ΔEp) are listed in Table 7. 

 

Figure 16.  CV measurements for each sample type in 1 mM Ru(NH3)6 in 1 M KCl with 400 

 mV/s scan rate. 

 

Table 7.  CV oxidation and reduction peak potentials (Ep), currents (Jp) and peak potential 
 differences (ΔEp) for 1 mM Ru(NH3)6 in 1 M KCl. 

Nitrogen 

(mTorr) 

Ep, ox (mV) Jp, ox 

(µA/cm2) 

Ep, red (mV) Jp, red 

(µA/cm2) 

ΔEp (mV) 

ref -100 311 -235 -410 135 

0.01 -134 333 -196 -430 62 

0.1 -133 326 -197 -425 64 

1 -131 321 -200 -422 69 
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6.2.5 Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy was conducted from one sample of each type to 

investigate the electrical properties. The used samples were ta-C reference 4, ta-C:N 

0.01 mTorr 3, ta-C:N 0.1 mTorr 3, and ta-C:N 1 mTorr 2, with a single electrode from each. 

The EIS data were fitted using a simplified Randles circuit with a charge transfer resistance 

(Rct), a Warburg element (W), solution resistance (Rs), and a constant phase element (CPE). 

The results of this fit are shown as a Nyquist plot in Figure 17. EIS measurements were 

conducted with 5 mM Ru(NH3)6 in 1 M KCl. 

 

Figure 17.  Nyquist plots for nitrogen doped and reference ta-C samples from EIS 

 measurements in 5 mM Ru(NH3)6 in 1 M KCl. 

 

The values of the different elements utilized in the equivalent Randles circuit are listed in 

Table 8, as estimated from the Nyquist plots. These are the transfer coefficient (a), solution 

resistance (Rs), charge transfer resistance (Rct), double-layer capacitance (Cdl) and reaction 

rate constant (k0).  
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Table 8. EIS measurement data obtained for each ta-C:N sample type as well as reference 

 ta-C. 

 a Rs (Ω) Rct (Ω) Cdl (µF/cm2) k0 (cm/s) 

ref 0.77 0 427 0.07 0.004 

0.01 mTorr 0.98 0 709 0.05 0.002 

0.1 mTorr 0.96 1.1 248 0.05 0.006 

1 mTorr 0.97 1.0 492 0.05 0.003 

 

Transfer coefficient (a) indicates the constant phase element’s deviation from the 

characteristics of an ideal capacitor, which is used to model the less than ideal double-layer 

capacitance (a = 1 for an ideal capacitor). Rct defines the charge transfer resistance and is 

thus liable for the kinetically controlled region under the semi-circle in the Nyquist plot x-

axis. Rs is the region on the x-axis between 0 and the first intersect of the semi-circle with 

the x-axis in the high frequency region of the Nyquist plot. Cdl is estimated from the 

maximum on the imaginary part of the semi-circle, with the help of transfer coefficient, 

angular frequency and Adl, a parameter of the constant phase element. Reaction rate constant 

(k0) is calculated to quantify the rate with which the chemical reaction occurs at the electrode 

surface. 
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7 Discussion 
 

The results from the structural and electrochemical characterization of the various nitrogen 

doped ta-C films, presented in the previous chapter, are further discussed in this chapter. 

The here obtained results are analyzed and compared to previous research works to 

determine how beneficial and reliable the nitrogen doped ta-C films, their production 

methods and characterization methods truly are. 

 

7.1 Film structural characteristics 

 

In this work, XRR and Raman spectroscopy were used to investigate the quality of the 

deposited thin film. XRR was chosen to investigate film thickness, as it has been determined 

to be the most reliable method in previous work for amorphous carbon thin films when the 

film structure is sufficiently known [64]. XRR also measures the density of the film 

structure, which could provide an estimation of the sp3/sp2 ratio depending on how the 

nitrogen doping succeeds and how it initiates the sp2 hybridization. This can be combined 

with Raman spectroscopy and ID/IG analysis to correlate the sp2 clustering and density. XRR 

also provides the roughness of the films, telling how uniformly the film had formed on the 

silicon wafer. 

In Table 3, the XRR measured thickness values show that the films had achieved the aimed 

30 nm thickness acceptably well. The reference samples achieved a slightly lower thickness 

than the ta-C:N samples, although all samples achieved a thickness better than 83 % of the 

ideal calibrated thickness. As was stated by Protopopova et al., ultrathin ta-C film thickness 

affects the ID/IG-ratio and sp2 clustering of the structure [65]. Thus, it was important to keep 

the thickness as close to the ideal 30 nm value as possible to keep the focus on nitrogen 

doping induced sp2 clustering in the mainly sp3 hybridized ta-C structure.  

Reference ta-C samples achieved a common average density of 3.0 g/cm3, while the addition 

of nitrogen gradually reduced it to 2.7 g/cm3 for ta-C:N 1 mTorr. Table 3 shows the 

estimated sp3 fraction for ta-C, which reduces with increasing nitrogen doping amount. 

ta-C:N 1 mTorr samples appear to form a structure that has nearly lost its sp3-hybridization 

majority with an estimated maximum of 54 % of the total structure being diamond-like. In 
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reality nitrogen’s effect on the total film density is not properly considered with XRR, as the 

method does not take into account how the doping has affected the carbon bonding. It is 

possible that nitrogen presence in the mainly sp3 hybridized ta-C structure is the leading 

cause for the density drop, not the nitrogen initiated sp2 hybridization. 

The reference ta-C sp3 fraction of 72 % on the other hand is close to the expected ta-C 

structure over-all hybridization, although none of the samples measured here appear to 

display the level of sp3 hybridization required for ta-C as stated by Grill [22] as well as 

McKenzie et al [25], who mention 80 % as the minimum sp3-hybridization amount for ta-C. 

The reduction in sp3 fraction correlates to the corresponding decrease in the film densities 

with increasing nitrogen content. Less than 1 at% of nitrogen presence in the ta-C structure 

has been reported to not substantially alter the tetrahedral structure [66], which can be 

assumed to limit both physical and electrochemical properties of these samples. This also 

suggests that with decreased amount of nitrogen doping the estimated values in Table 3 are 

more relevant. 

Raman spectroscopy and D- and G-peak analysis provided more information about the sp2 

clustering sites. Interestingly, even the smallest increase in nitrogen content in the case of 

ta-C:N 0.01 mTorr samples caused a drastic increase in these sites in the film’s structure. 

The ID/IG-ratio for ta-C:N 1 mTorr samples was over twice that of the ta-C reference 

samples. ta-C reference samples resulted in a somewhat uncharacteristically high ID/IG-ratio, 

having an average value of 0.30 and a high standard deviation. With background subtraction, 

the D- and G-peak shape could have been unintentionally affected, resulting in a higher 

ID/IG-ratio. In previous research [64,67], ID/IG-ratios of 0.15 have been commonly achieved 

for ta-C reference samples, although as stated by Protopopova et al. [65] an ID/IG-ratio of 

0.5 still remains feasible for pure 30 nm ta-C films. McCann et al. have also reported ID/IG-

ratios of 0.39 for 30 nm ta-C thin films deposited with FCVA. 

G-peak position decrease from 1569 nm-1 to 1565 nm-1 observed in Table 4 appeared to only 

initiate with nitrogen pressures of more than 0.1 mTorr in the deposition process. This 

decrease can imply an increase in the sp2 bonded structure present in the ta-C:N 1 mTorr 

samples [68] as well as a narrowing of the band gap [65]. McCann et al. [69] have reported 

much lower G-peak positions of 1545.5 cm-1 for 30 nm ta-C:N films deposited with the 

FCVA system, and a G-peak position of 1564.7 cm-1 for pure ta-C, indicating that the 
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concentration of sp2 bonded carbon in ta-C:N is smaller when produced the pulsed FCVA 

method. 

Figure 11 shows, that the increase in ID/IG-ratio as well as the decrease in density appear 

logarithmic with the linear increase in nitrogen gas pressure during sample deposition. 

Previously with iron doping of ta-C ID/IG-ratio has been noticed to increase linearly [70], 

while with oxygen doping of a-C the ratio appeared to stay between 2.50 and 2.75 without 

a clear trend [10]. Yang et al. [71] measured the Raman spectra (argon ion laser, wavelength 

of 514.5 nm) of pulsed laser-arc deposited ta-C:N films, grown to a nominal thickness of ca. 

200 nm. There, the higher thickness films did not appear to produce a logarithmically 

growing ID/IG-ratio with the increased introduction of nitrogen and instead, appeared to 

increase linearly. The consequential visible Raman background resulting from higher 

thickness could be a reason for the difference between results. A suggestion of a logarithmic 

increase of ID/IG-ratio could be important knowledge for the optimization of ta-C:N films 

and their sp2 clustering. 

 

7.2 Film electrochemical characteristics 
 

Water window analysis showed a minor decrease in the potential range, mainly at the 

cathodic end for ca. 200 mV, between the reference and 0.01 mTorr samples. Anodic 

potential decreased as well for ca. 100 mV. However, the increase of nitrogen doping over 

0.01 mTorr did not decrease the window further. This behavior indicates that the change in 

the material’s electron kinetic properties remains very minor with the increase of nitrogen. 

In PBS, the water window of ta-C has been previously established as 4.4 V, from -2.5 to 1.9 

[72]. This is very close to the ta-C refence water window presented in Table 5.  

The hexaammine ruthenium measurements reveal a sudden decrease in the difference 

between oxidation and reduction potentials (ΔEp) immediately with the incorporation of a 

small amount of nitrogen into the ta-C structure. However, after this initial decrease, the 

peaks appear to remain almost stationary on the x-axis, although a very slight and slow shift 

can be noticed towards the original peak positions with an increase in nitrogen. This shift 

could result from the sample-to-sample deviation margins or the human error in electrode 

making, although it could also result from quasi-reversible reaction kinetics. This would 
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further support the here-obtained water window results. Figure 16 also shows that the 

oxidation current increases slightly whereas the reduction current decreases slightly with 

initial nitrogen doping. Again, this current can be seen to slowly shift towards the original 

ta-C ref current with an increase in nitrogen amount. This behavior could also imply a 

change in the electron transfer kinetics as nitrogen is incorporated into the ta-C structure.  

EIS spectra reveal that the charge transfer resistance (Rct) of the kinetically controlled region 

of the measured samples does not seem to follow as clear a trend with the increase of 

nitrogen content, as was seen with water window and hexaammine ruthenium 

measurements. According to Nicholson [73], the hexaammine ruthenium CV measurement 

ΔEp should be in direct correlation with the material’s Rct, which indicates that these two 

results are here in direct contradiction with each other. It can be mentioned, however, that 

similarly to the dopamine CV results and the potential decrease observed there, the ta-C:N 

0.1 mTorr Nyquist plot reveals a largely decreased Rct, when compared to the other sample 

types. Also, ta-C:N 1 mTorr followed a similar trend to its CV results with 100 mV/s scan 

rate, where the oxidation peak potential returned to the same region with reference ta-C, but 

ta-C:N 0.01 mTorr result remains unexplained. More measurement iterations are needed to 

ascertain the outer sphere phenomena of ta-C:N. 

Otherwise, electrochemical impedance spectroscopy showed that the ta-C:N behaved very 

close to the ideal double-layer capacitance with high transfer coefficient (a) values. This 

would suggest, that the non-Faradaic current flow without electron transfer is achieved very 

close to an optimal case. Palomäki [48] mentions a general estimation for most transfer 

coefficient cases to be close to 0.5, but similarly high values to here have been obtained by 

ta-C samples before [3,59]. Reaction rate constant (k0) and double-layer capacitance (Cdl) 

remained largely unaffected with the increase of nitrogen, which was supported by the very 

minor changes in electron transfer kinetics observed with water window measurements. 

Change in these values is usually indicative of a topographical change in the film’s surface 

or an increase in electron transfer kinetics [64]. As neither of these was the case, no increase 

or decrease was observed. 

Pseudo-capacitance obtained from the water window measurements was normalized for the 

used electrode area, and generally showed a small increase in the combined non-Faradaic 

charging and Faradaic surface currents. Water window was here measured with PBS, which 

can produce a less reliable and noisy linear area for the measurement of pseudo-capacitance. 
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Yet, as electron transfer kinetics were observed to remain largely unaffected in water 

window and EIS measurements, pseudo-capacitance could be assumed to result from non-

Faradaic charging of the electrodes. 

Dopamine cyclic voltammetry measurements showed a noticeable shift in the oxidation 

peak. With ta-C:N 0.01 mTorr, the average oxidation peak position appears to remain 

unaffected with lower scan rates, and increase slightly within the standard deviation range 

with higher scan rates. However, in the case of ta-C:N 0.1 mTorr samples, both scan rates 

that were focused on in Table 6 reveal a sudden decrease in the oxidation peak potential of 

ca. 64 mV for 100 mV/s and ca. 104 mV for 400 mV/s scan rates. With additional nitrogen 

content increase to 1 mTorr, the oxidation peak potential retreats back towards the values 

measured with ta-C ref and ta-C:N 0.01 mTorr samples. Reduction peaks appeared largely 

unaffected by the nitrogen incorporation. 

With the Interferent CV measurements, the effect on oxidation peak potential and ΔEp 

seemed to take place with the common interferents as well, especially ascorbic acid and 

paracetamol. Thus, nitrogen doping solely does not appear to improve the ta-C electrode 

selectivity in a necessary manner. Even with this potential shift, the dopamine peaks remain 

difficult to notice in the obtained results for ta-C:N 0.1 mTorr samples. The dopamine redox 

peaks’ relatively small current remains also a large obstacle for the reliability of this method. 

Especially reduction peak appears to remain indistinguishable in the presence of interferents.  

Additionally, in in vivo -applications dopamine sensing in the same environment with its 

interferents is required. Dayton et al. [74] mention that AA oxidation peak potential at 

carbon electrodes displacement to the positive direction from DA peak potential causes 

homogenous catalytic oxidation to be triggered in ascorbic acid by the dopamine oxidation 

products. This causes additional difficulty for selective measurement, optimally requiring 

for ascorbic acid oxidation to occur with noticeably lower potentials than dopamine [75]. 

Nitrogen content in the tetrahedral amorphous carbon structure has been found to saturate 

and even decrease, in previous research [30,36,62,63]. One explanation for this phenomenon 

has been mentioned as the deceleration of ions and energetic species due to increased 

nitrogen pressures present in the deposition chamber [36]. Higher pressures lead to a reduced 

mean free path and a reduced ion energy. Where the kinetic energy of the energetic specie 

was previously sufficient for nitrogen to penetrate into the carbon structure in a so-called 
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knock-on process, this ability is reduced significantly due to mid-flight collisions at higher 

pressures. This is illustrated in Figure 7, where decrease in ion current density is initiated at 

ca. 7·10-4 mbar (ca. 0.5 mTorr). When the pressure reaches 10-3 mbar (0.75 mTorr), the ion 

current density has effectively decreased to zero.  

Chhowalla et al. [63] and Stanishevsky et al. [62] have reached ca. 30 at% as the saturation 

point for nitrogen content in the amorphous carbon structure with filtered and unfiltered 

cathodic vacuum arc methods respectively. According to the expected nitrogen atom 

fractions presented in Table 1, the fractions reached here are estimated to be much lower. 

Kleinsorge et al. [30,36] as well as Kamata et al. [38] have reported electroactivity 

maximums for nitrogen-doped nanocarbon film electrodes produced to reach 8 at% with the 

FCVA-method, and ca. 10.9 at% with the unbalanced magnetron sputtering method, 

respectively. These findings are more consistent with results of obtained here, even though 

neither of the groups used a pulsed system. 

The behavior observed with electrochemical measurement techniques within this thesis 

indicates a change within the ta-C structure with increasing nitrogen pressure during 

deposition. The electric properties of undoped ta-C were clearly affected with nitrogen 

incorporation, as was seen with the ta-C:N 0.1 mTorr samples. This suggests that nitrogen 

doping was successfully conducted and that sp2 hybridized bonding was encouraged. As was 

stated before by Veerasamy et al. [66], the small addition of nitrogen conducted with ta-C:N 

0.01 mTorr samples was appeared to not prove sufficient to alter the ta-C structure 

significantly, leading to similar electrochemical results with reference ta-C. Also, the 

significant decreases in ion energy distribution and current density with higher deposition 

pressures appear to have prevented the nitrogen to form as a dopant in the ta-C structure, as 

was stated by Kleinsorge et al. [36], again leading to electrochemical properties similar to 

those of the ta-C reference samples. The ID/IG-ratio achieved with the ta-C:N 1 mTorr 

samples has not shown a decrease with the loss of electrically active doping, suggesting that 

the sp2 bonded carbon clustering is still present and increasing. This could be due to the non-

doping nitrogen clusters as well as the loss of ion energy on the carbon ions as well during 

the deposition. 

The here-observed indication of the limitations of nitrogen doping on the ta-C 

electrochemistry and electron kinetics is an interesting finding as many different research 

groups have previously reported on its properties and possible benefits on amorphous and 
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tetrahedral amorphous carbons [38,54,76–78]. Even though indications of nitrogen effect on 

properties such as electrical conductivity and charge carrier mobility have been reported on 

before [76], the material’s practical use in for example electrochemical applications is still 

lacking due to selectivity. The ta-C:N 0.1 mTorr cyclic voltammetry results with decreased 

oxidation potential show that more investigation into the use of nitrogen doped ta-C in 

electrochemistry should be conducted. 
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8 Conclusions 
 

Nitrogen doped ta-C thin film samples were produced with three different pressures of 

0.01 mTorr, 0.1 mTorr and 1 mTorr, and the nitrogen effect on the structural and 

electrochemical properties were investigated. Structural investigation revealed a logarithmic 

increase in sp2 clustering with the increase in nitrogen pressure during deposition. Limited 

benefits in the electric properties of the ta-C in the form of a decrease in oxidation potential 

were also noticed, although the selectivity of the method could not be improved with 

nitrogen doping alone. A saturation-like effect and retreat of the oxidation peak was 

observed at higher nitrogen pressures during deposition, likely due to the loss of ion energy.  

In this thesis, an indication of a logarithmic increase of sp2 clustering was found by ID/IG-

ratio and density measurements for nitrogen-doped ta-C thin films. This could simplify the 

estimation of the wanted structure when producing ta-C:N thin films and provide clarity for 

the deposition process. Such information could prove valuable for example for the 

investigation towards the deposition of carbon nitride (C3N4) thin films, with a bulk modulus 

comparable to that of diamond. 

The cyclic voltammetry results showed that the largest, potentially beneficial, effect on the 

electrochemical sensing of dopamine was here achieved with the ta-C:N 0.1 mTorr samples, 

where oxidation potential was significantly decreased. Nitrogen introduction solely to the 

ta-C structure did not appear to increase its selectivity in electrochemical sensing, although 

incorporating other known methods into these thin film sensors could prove beneficial. 

Surface modifications such as nanofibers or nanotubes could improve this by providing 

increased surface area and reactivity. For example, Sainio et al. [7] have reported that carbon 

nanofiber introduction on ta-C thin film surface improves the selectivity and sensitivity in 

electrochemical sensing of dopamine in the presence of ascorbic acid. Research could be 

directed to determine whether nitrogen introduction to the film and nanofiber structures 

would benefit the measurement by shifting the oxidation peak potentials. The implication of 

a decrease of the oxidation peak potential observed here could be useful information so that 

additional investigation into surface modifications could be conducted with optimized peak 

potentials. Another modification could be the addition of a titanium underlying layer 

between the silicon wafer and ta-C:N film. These titanium underlying layers have been 

previously researched for ta-C thin film electrodes [3,65], and have shown to affect the 
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electric and electrochemical properties of their electrodes. For example, Palomäki et al. 

mention that the titanium underlayer is likely to provide a better electrical contact lowering 

the resistance at the interface and allowing for easier electron transport. 

The saturation-like effect observed in electrochemical sensing with the highest measured 

nitrogen pressure during deposition revealed an inconsistency between the results obtained 

here and by Kleinsorge et al. [36] as well as Kamata et al. [38], compared to those reported 

by Chhowalla et al. [63] and Stanishevsky et al. [62]. Even though maximum nitrogen 

incorporation amounts of 30 at% have been reported in these publications with cathodic 

vacuum arc methods, the fraction often does not appear to reach these amounts. The type 

and system specific process parameters of the deposition method appear to significantly 

affect the film formation, as properties such as film thickness and density as well as the 

nitrogen bonding type can lead to very different results.  

The benefit of nitrogen doping alone for ta-C thin film electrochemical sensing was here 

estimated to be more modest than has been previously suggested for this and several other 

applications [38,54,76–78]. The limitation of carbon electrode selectivity remains a major 

obstacle since no significant effect was observed in the separation of the peak potentials with 

electrochemical methods. Dopamine oxidation peak potentials, as well as currents, also 

display significant standard deviations, which affect the method’s reliability. However, as 

nitrogen doping was successfully conducted and seen to affect its electrochemical results, it 

could provide a valuable starting point for sequential research towards additional 

modifications of the film structure. 
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APPENDIX A: Additional X-ray reflectivity results 
 

This appendix collects the individual XRR results of thickness, roughness and density, 

achieved with the p-FCVA method for the complete tetrahedral amorphous carbon sample set. 

Table A1 lists these results for each sample used for physical and electrochemical 

characterization within this thesis. 

Table A1.  Thickness, roughness and density results measured with x-ray reflectivity for three 

 thin film samples of each sample type with differing amounts of nitrogen doping. 

 Thickness (nm) Roughness (nm) Density (g/cm3) 

ta-C ref 3 25 0.54 3.0 

ta-C ref 4 27 0.58 3.0 

ta-C ref 7 28 0.53 3.0 

ta-C:N 0.01 mTorr 1 28 0.48 2.9 

ta-C:N 0.01 mTorr 3 29 0.51 2.9 

ta-C:N 0.01 mTorr 4 26 0.52 3.0 

ta-C:N 0.1 mTorr 3 29 0.49 2.9 

ta-C:N 0.1 mTorr 5 28 0.38 2.9 

ta-C:N 0.1 mTorr 7 28 0.59 2.9 

ta-C:N 1 mTorr 1 29 0.57 2.6 

ta-C:N 1 mTorr 2 27 0.30 2.7 

ta-C:N 1 mTorr 5 28 0.62 2.7 
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APPENDIX B: Additional Raman spectroscopy results 
 

Raman spectroscopy was used to acquire structural composition and this composition’s 

uniformity by measuring from three or more spots on each sample. Figures B1-B4 show 

example results from multiple spots from one thin film sample of ta-C:N 0.01 mTorr, ta-C:N 

0.1 mTorr, ta-C:N 1 mTorr and ta-C ref respectively. 

  

  

Figure B1. ta-C:N 0.01 mTorr, sample 1 Raman spectroscopy results from four different spots 

 on the silicon wafer a)-d). 
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Figure B2. ta-C:N 0.1 mTorr, sample 7 Raman spectroscopy results from four different spots on 

 the silicon wafer a)-d). 
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Figure B3. ta-C:N 1 mTorr sample 1 Raman spectroscopy results from four different spots 

 on the silicon wafer a)-d). 
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Figure B4. ta-C ref sample 4 Raman spectroscopy results from four different spots on the 

 silicon wafer a)-d). 

 

The ID/IG ratios, acquired from the analysis of Raman spectra, are collected in Table B1 for 

each sample, in addition to their average values and standard deviations. The results of these 

measurements can be seen to differ quite drastically depending on the sample and even the 

measurement position. Table B2. shows the G-peak positions for each sample. 
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Table B1.  ID/IG ratios of each measured sample. 

 sample ID/IG ratio of each measured spot ID/IG Average 

ta-C ref 3 0.18; 0.27; 0.15  

 4 0.30; 0.18; 0.24 0.30 ± 0.11 

 7 0.52; 0.39; 0.45; 0.31; 0.32  

ta-C:N 0.01 mTorr 1 0.44; 0.45; 0.44; 0.47  

 3 0.47; 0.51; 0.56; 0.47; 0.44 0.47 ± 0.04 

 4 0.79; 0.78; 0.92  

ta-C:N 0.1 mTorr 3 0.58; 0.46; 0.47; 0.45; 0.58  

 5 0.60; 0.58; 0.57 0.55 ± 0.05 

 7 0.57; 0.53; 0.57; 0.61  

ta-C:N 1 mTorr 1 0.67; 0.72; 0.63; 0.72  

 2 0.74; 0.90; 0.72 0.77 ± 0.10 

 5 0.72; 0.90; 0.67; 0.64; 0.90; 0.95; 0.79; 0.88  

 

Table B1.  G-peak positions of each measured sample. 

 sample G-peak position of each measured spot G-peak 

Average 

ta-C ref 3 1565; 1570; 1561  

 4 1573; 1567; 1572 1569 ± 3.8 

 7 1567; 1574; 1573; 1569; 1569  

ta-C:N 0.01 mTorr 1 1571; 1571; 1572; 1570  

 3 1568; 1570; 1571; 1568; 1569 1569 ± 2.7 

 4 1563; 1564; 1568  

ta-C:N 0.1 mTorr 3 1568; 1567; 1568: 1567; 1567  

 5 1572; 1572; 1571 1569 ± 1.9 

 7 1568; 1568; 1567; 1570  

ta-C:N 1 mTorr 1 1563; 1563; 1563; 1565  

 2 1565; 1568; 1566 1565 ± 1.5 

 5 1566; 1567; 1564; 1564; 1567; 1565; 1566; 

1566 
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APPENDIX C. Additional CV results for dopamine and 

its interferents 
 

This appendix collects clearer images of the dopamine oxidation peaks with all the interferents 

measured in this thesis. Figure C1 shows the results obtained with 400 mV/s scan rate, while 

Figure C2 shows those obtained with 100 mV/s scan rate. 

  

  

Figure C1. a) ta-C ref, b) ta-C:N 0.01 mTorr, c) ta-C:N 0.1 mTorr, and d) ta-C:N 1 mTorr 
 dopamine CV results compared to ascorbic and uric acid as well as paracetamol CV 

 results within the same potential window of -0.2 to 0.8 V (vs Ag/AgCl), focused on 

 the dopamine oxidation peak. Scan rate of 400 mV/s was used during the 

 measurements. 
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Figure C2. a) ta-C ref, b) ta-C:N 0.01 mTorr, c) ta-C:N 0.1 mTorr, and d) ta-C:N 1 mTorr 

 dopamine CV results compared to ascorbic and uric acid as well as paracetamol CV 

 results within the same potential window of -0.2 to 0.8 V (vs Ag/AgCl), focused on 
 the dopamine oxidation peak. Scan rate of 100 mV/s was used during the 

 measurements. 
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