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Diamond-like carbon (DLC) is a versatile material which exhibits
excellent mechanical, electrical and optical properties making it
suitable for applications ranging from biomedical implants to
engine components. The properties of DLC thin films are determined
by the bonding configuration (sp3/sp2 fraction) of its carbon
atoms. In order to prepare DLC thin films for desired
applications, it is essential to control and estimate the sp3/sp2
fraction precisely.
Raman spectroscopy is widely employed for the estimation of
sp3/sp2 fraction due to its non-destructive nature, high probing
depth and possibility of quick acquisition. The quality of
information obtained from Raman analysis depends largely on the
structure of DLC thin films, which varies from one deposition
method to another. Using the existing approaches for the
estimation of sp3/sp2 fraction for a particular type of DLC thin
films could entail large errors and thereby result in misleading
conclusions. For an accurate analysis of the film structure, it is
therefore important that a carefully designed strategy is
employed. In this work, Raman spectroscopy is employed for
structural investigation of DLC thin films deposited by High Power
Impulse Magnetron Sputtering (HiPIMS). Owing to the unique DLC
film properties obtained from HiPIMS, Raman spectroscopic
investigations were made by developing an analysis routine
relevant for HiPIMS-deposited films. The developed approach is
validated by complementary analysis of film density. The method is
further employed for investigating the compressive stress and
thermal stability of the resulting films. The analyzed films were
deposited using different buffer gas (Ar and Ne) and ion energy to
produce a range of sp2/sp3 ratios. Raman measurements were
performed using visible (532 nm) and UV (325 nm) lasers. Film
density was determined using X-Ray Reflectivity (XRR) and chemical
composition using Elastic Recoil Detection Analysis (ERDA). The
compressive stresses of the films were determined using wafercurvature method and thermal stability of the films was
investigated by performing Raman measurements on films annealed
from 100 degrees C to 600 degrees C.
By developing an analysis routine and employing appropriate
fitting method, it was shown that the Full Width at Half Maximum
(FWHM) of the G peak in the Raman spectrum is the most relevant
parameter for estimating the sp3/sp2 fraction. The accuracy of the
analysis routine was verified by studying the evolution of sp3/sp2
fraction and film density with respect to ion energy. The
correlation between sp3/sp2 fraction and film density was good.
The differences in mass density and compressive stresses between
Ar- and Ne-HiPIMS deposited films were also found to be consistent
with the estimated sp3/sp2 fractions. The structural evolution of
the annealed films, investigated by Raman spectroscopy, showed
that the Ne-HiPIMS films exhibit a transition from sp3 rich
structure to sp2 rich structure at ~450 degrees C whereas the
transition for the Ar-HiPIMS films occurs at ~300 degrees C. This
implies that the Ne-HiPIMS films are thermally more stable than
the Ar-HiPIMS films.
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Bindningskarakterisering av HiPIMS-deponerade Diamantlika Kolskikt med Ramanspektroskopi
I alla tillämpningar, från biologiska implantat till fordonskomponenter, krävs det alltid en kombination av många materialegenskaper. För att förstärka, förändra eller tilllägga egenskaper till
ett bulkmaterial användes ytskikt, tunna filmer som är enstaka nanometer till flera mikrometer tjocka, av andra material. Det är önskvärt att dessa skikt har många olika egenskaper
beroende på applikationen. Det kan till exempel vara önskvärt med hög hårdhet, elektrisk ledningsförmåga och genomskinlighet för applikationer som skyddsskikt på solceller. Eller ytskikt
som är biokompatibla och ej reagerar kemiskt i kroppen för applikation i biologiska implantat.
Diamant är ett material av kolatomer som är hårt, genomskinligt och elektriskt isolerande.
Diamant är ett kermaiskt material, vilket gör att det kan spricka och förstöras vid snabb belastning. Grafit är också ett material av kolatomer, men grafit är elektriskt ledande, mjukt
och ogenomskinligt. Amorft kol är en materialgrupp primärt bestående av kolatomer, som
har bindningar både av grafittyp och diamanttyp. Egenskaperna för amorft kol beror på sammansättningen av grafit- och diamantbindingar. Då amorft kol kan bestå av alla kombinationer
av grafit- och diamantbindingar är materialgruppens egenskaper lika varierande. Amorft kols
ytterpunkter är ren diamant och ren grafit. I detta arbetet söks hårda skikt, med andra ord
en maximering av diamantbindningar söks. I detta arbete användes Ramanspektroskopi för att
karakterisera bindningarna i provet med hjälp av monokromatiskt laserljus. Syftet var att ta
fram en kvantitativ metod för att bestämma mängden diamantbindningar i amorfa kolskikt.
Skikt av amorft kol kan beläggas med olika kemiska och fysikaliska depositionsmetoder. I
dessa metoder joniseras kolatomer från fast material och accelereras mot ytan som skall beläggas.
Koljonernas energi när de träffar ytan bestämmer hur stor del grafit- och diamantbindingar det
slutliga skiktet har. En metod är High Power Impulse Magnetron Sputtering, förkortad HiPIMS. I denna metod joniseras kol med hjälp av ett plasma, en joniserad processgas. De positiva
jonerna i plasmat accelereras mot det solida kolet och slår ut kolatomer. Dessa kolatomer träffar
den yta (substratet) som skall beläggas. Med denna metod skapas amorfa kolskikt som är under
1 mikrometer tjocka och har upp till 60-70% diamantbindningar.
En serie av amorfa kolskikt belades på kiselplattor med varierande depositionsparametrar. Diamantbindningshalt, hårdhet, kemisk sammansättning, inre spänningar och strukturens temperaturberoende analyserades. Hårdheten testades med nanoindentation och de inre
spänningarna beräknades från skiktets kurvatur. Utöver detta gjordes också värmebehandling
av utvalda skikt, för att se hur de förändrades med temperatur. Analysen av värmebehandlingen
genomfördes med Ramanspektroskopi.
Den topp i Ramanspektrat som svarar mot diamantbindning var inte synlig för de analyserade skikten. En kvantitativ metod för noggran bestämning av halten diamantbindningar
kunde därför inte tas fram. Istället bestämdes bindningsstrukturen från grafitbindningarnas
förskjutning från jämnvikt, observerad i Ramanspektrat som en toppbreddning. Även fast
detta är en indirekt metod som har relativt stor osäkerhet svarar den väl överens med de övriga
resultaten. Det innebär att metoden är mest applicerbar vid tillfällen där det är önskvärt att
jämnföra skikt och kvalitativt utvärdera skiktens egenskaper i förhållande till varandra. Utifrån
uppmätta värden på hårdhet och inre spänningar innehöll skikten upp till 50-60% diamantbindningar, vilket stämde överens med de kvalitativa resultaten från Ramanspektroskopi. Skikten
belagda med neon som processgas hade konsekvent högre halt med diamantbindning än skikten
deponerade med argon. Resultaten visar att vid värmebehandlinge av amorfa kolskikt sker en
omvandling i två steg under ökad temperatur. Först relaxeras de inre spänningarna och sedan
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sker en bindningsändring, från diamanttyp till grafittyp. Skikt belagda i argon och neon omvandlades vid 300◦ C respektive 450◦ C. För skikten deponerade med neon skedde bindningsändringen
vid en högre temperatur. Det stämmer överens med att skikt med högre diamantbindningshalt
har en högre bindningsändringstemperatur.
Syftet uppfylldes vid att en kvalitativ metod för jämnföring av halten diamantbindningar i
amorfa kol togs fram.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala Universitet, April 2017
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Symbols and Abbreviations
DLC - diamond-like carbon
a-C - amorphous carbon
a-C:H - hydrogenated amorphous carbon
a-C:N - nitrogen doped amorphous carbon
a-C:Me - metal doped amorphous carbon
ta-C - tetrahedral amorphous carbon
nc-G - nanocrystalline graphite
HiPIMS - high power impulse magnetron sputtering
CVA- cathodic vacuum arc
FCVA - filtered cathodic vacuum arc
PLD - pulsed laser deposition
Ar - Argon
Ne - Neon
UV - ultra violet
vis - visible
BWF - Breit-Wigner-Fano
L - Lorentzian
DG - double Gaussian
FWHM - full width at half maximum
Disp(G) - dispersion of the G peak position
VDOS - vibrational density of states
MFCs - mass flow controllers
DC - direct current
UB - substrate bias voltage
Uf l - floating potential
cm−1 - reciprocal centimeters
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Introduction

Thin films are layers of a material from few nm to several µm in thickness, and are widely
applied to bulk materials. Thin films can enhance the bulk material properties, or add new
properties to the system. In many applications such as medical, data storage and solar cells, the
material have a very specialized set of properties. To enhance, protect or add new function to
the bulk materials, thin films are excellent. When finding a material that is suitable as a thin
film coating, there is always a multitude of factors of the material properties that need to be
addressed. In medical equipment chemical and biological inertness is required, so no reaction
between coating and body happens. In hard disk data storage the layer is protective but must
not disrupt the magnetic field that will be perturbing the disk, and a smooth surface is required
as the read-and-write head floats just above the surface of the magnetic disks. In solar cells, a
thin film needs to be transparent, protective, and electrically conducting so it does not hinder
the functionality of the system. When these factors are combined we already have a highly
specialized set of properties which requires a specialized material. [1, 2, 3, 4, 5]
Amorphous carbon (a-C) is a class of materials that ranges from graphite to diamond. Thin
films of amorphous carbon have shown to have several advantages as functional coatings. They
can have properties such as high hardness, chemical inertness, low friction, electrically conducting, and thermal stability. These materials are widely used in industrial applications ranging
from biomedical implants to engine components [1, 6, 7, 8]. This range of materials stretches
from graphite to diamond, and also have varying combinations of the properties of graphite and
diamond. The properties of amorphous carbon is largely dependent on the bonding structure,
giving more diamond-like behavior with increasing diamond-like bonding, and more graphitelike behavior with increasing graphite-like bonding. An a-C with a high amount of diamond-like
bonded atoms is called a diamond-like carbon (DLC). The big advantage of this is that the
bonding composition is very much a result of the deposition parameters, and then specifically
the ion energy at film formation [9, 10]. Creating a-C thin films with a high control over its
bonding configuration means that it can be applied in a wide range of applications.
In this work DLC films grown with High-Power Impulse Magnetron Sputtering (HiPIMS)
deposition method for DLC are investigated, as opposed to the highly explored filtered cathodic
vacuum arc (FCVA) [9, 11, 12] and pulsed laser deposition (PLD) [13, 14]. The goal is to use
this deposition method as a system where DLC with highly varying properties may be prepared
by tuning the deposition parameters. This specific project seeks to achieve films that are high
in sp3 bonding. The deposition parameters that are varied in this study are ion energy and
ion-to-neutral ratio of the film forming species.
One of the most efficient and non-destructive methods for analyzing the bonding of DLCs
is Raman spectroscopy, which has been used to a large extent [11, 15, 16, 17, 18, 19, 20]. It is
of the utmost interest to use such a widely applied analytical method on the carbon coatings
from HiPIMS, so that properties of DLCs deposited by this method may be compared to previous studies, as well as a greater understanding of amorphous carbons deposited with different
methods can be obtained.
Development of a Raman spectroscopy method for characterization of bond composition in
DLC, and the use of this in a comprehensive study was concluded. The developed method is
used for detailed investigations of structural changes in HiPIMS-deposited DLC films under different deposition parameters as well as post-deposition annealing treatment. This method will
be used as a benchmark for understanding the DLC thin films produced by HiPIMS process.

1

Scope:
The goal of this thesis is to develop a method for determining the sp2 /sp3 fraction of DLC thin
films using Raman spectroscopy. The developed method will be used to study the structural
changes in DLC thin films with varying deposition parameters, and post-deposition heat treatment. Based on these investigations, compressive stress relaxation as well as thermal stability
of HiPIMS-deposited DLC thin films is explored.

2

2

Background

This chapter gives a comprehensive summary of the field. The chapter includes the fundamentals of amorphous carbon material and how its structural properties are relevant for different
applications. It also presents a discussion on DLC thin films, the deposition mechanism and various methods that are employed for its synthesis. A detailed discussion on Raman spectroscopy
and how it is used for investigating the structural properties of DLCs is also presented.

2.1

Amorphous Carbon

Amorphous carbons is a collective term describing all carbons, and hydrogenated carbons, that
have an amorphous structure. In figure 1 the ternary phase diagram of amorphous carbons is
presented.
The materials bonding is primarily a mix
of sp2 and sp3 hybridized atomic orbitals,
where diamond and graphite have 100% sp3
and sp2 hybridized atomic orbitals, respectively. Amorphous carbons have the advantage that they are highly adjustable, meaning that the material properties can be varied by changing the sp2 /sp3 fraction. The sp2
dominated amorphous carbons are closer to
graphite, showing classical graphite-like properties like high conductivity, lubricating, and
opaqueness, whereas highly sp3 bonded amorphous carbons have properties such as high
hardness and electrically isolating which are
more like that of a diamond [6]. In this Figure 1: Ternary phase diagram of amorphous carstudy hydrogen-free DLCs are being investi- bon. sp2 , sp3 and H correspond to graphite, diamond
gated and only the area between the sp2 and and hydrogen, respectively. [11]
sp3 corners in the ternary phase diagram are
of interest. [6, 7]
Amorphous carbons inherit the properties of the purely sp2 and sp3 bonded graphite and
diamond, and the resulting properties of any a-C will be highly dependent on the amount of sp2
and sp3 bonded atoms in the structure. This means that sp2 rich a-C will exhibit graphite-like
properties where diamond-like properties is obtained from sp3 rich a-C. [1, 6, 7]
Because of the large variety in properties that DLC thin films can have, the possible applications of these materials are almost endless. Some of the most common application are as hard
protective coatings. The coatings can have the singular purpose of being resistant to mechanical
forces, like coatings on cutting tools, razor blades or sunglasses to decrease at what rate their
functionality deteriorate. [1] Other coatings, such as surface coatings for hard disk drives, has
strict requirements on the surface roughness and the magnetic permeability of the coatings.

2.1.1

sp2 and sp3 Hybridization

Hybridization of atomic orbitals is the mixing of atomic orbitals, causing hybrid orbitals, so
suitable bonds can be formed for the configuration of surrounding atoms. In hybridization,
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atoms do not form bonds with the regular atomic orbitals, s and p for carbon, but rather with
the hybrid orbitals σ and π. The σ is a strongly directed orbital and will always be equidistant
from other σ orbitals. In comparison, the π orbital is in no particular direction when compared
to the other hybrid orbitals. The π orbital is the one that binds as a double and triple bond in
carbons. [21, 22]
In the ground state, the electron configuration is divided in the 1s, 2s and 2p orbitals, as
seen in table 1. In this state both the 1s and 2s orbitals are filled with electrons according to
the Pauli exclusion principle, and there are two singularly filled 2p orbitals. The arrows in table
1 through 4 indicate the electron spin. In the ground state configuration, the carbon atom may
form two covalent bonds with the 2p electrons.
↑↓ ↑↓ ↑ ↑
1s 2s 2p 2p 2p

↑↓ ↑
1s 2s

↑ ↑ ↑
2p 2p 2p

Table 1: Ground state electron configuration for Table 2: Excited state electron configuration for
carbon
carbon

For the normal excited state, one of the electrons in the 2s orbital is excited to the empty
2p state yielding four singularly occupied states which can be used to form four covalent bonds,
as seen in table 2.
When the carbon atoms forms bonds with other atoms, for example, when ethene (C2 H4 ) is
formed, a double bond is formed between the two carbon atoms. This causes the carbon atoms
to sp2 hybridize, forming 1π bond and three equivalent σ bonds, as seen in table 3 and figure 2.
This configuration yields a bonding structure where the 3σ bonds are in a plane, with 120◦ separation. This is the bonding type with which carbon forms graphite, a structure with strongly
intraplanar covalent bonds and weak Van der Waals interplanar bonding. The sp2 configuration
of carbon is stable.
↑↓ ↑ ↑ ↑ ↑
1s sp2 sp2 sp2 2p

↑↓ ↑ ↑ ↑ ↑
1s sp3 sp3 sp3 sp3

Table 3: sp2 state electron configuration for carbon Table 4: sp3 state electron configuration for carbon

Figure 2: sp2 hybridized atomic orbitals.

Figure 3: sp3 hybridized atomic orbitals.

If the carbon forms four equivalent bonds, for example to four other carbon atoms, then the
atom sp3 hybridizes. Electronic configuration and the atomic orbitals for sp3 hybridization can
be seen in 4 and 3 This causes all bonds to be of the σ type, resulting in a tetrahedral surrounding for the atoms. Carbon which exclusively has this bonding type is more commonly known as
diamond. The sp3 configuration is meta-stable. The purely sp2 and sp3 bonded structures and
a representation of the intermediate amorphous carbon is presented in figure 4, 5 and 6. It is
4

apparent that it is quite a large difference on the microstructure of these three materials.

Figure 4: Graphite. 100% sp2
bonded carbon. By Störck [23].

Figure 5:
Amorphous carbon. Mix between sp2 and
sp3 bonded carbon atoms. By
Störck [23].

Figure 6: Diamond. 100% sp3
bonded carbon. By Störck [23].

Since sp3 hybridization of carbon is meta-stable formation at some elevated energy is required. Formation of the material needs to be done in such a way that the bonds will remain
sp3 hybridized after deposition.

2.2

Diamond-Like Carbon Thin Films

As seen in the previous section, DLC is neither graphite nor diamond, but rather an amorphous mix of the bonding types characteristic for the two materials. In DLC, the sp2 and sp3
hybridized atoms will bond to the same type of hybridization, causing clusters of sp2 and sp3
bonded atoms in the material. The size and distribution of these clusters depend on the sp3 /sp2
fraction. Moving from carbon to diamond the material will initially have large, uniform clusters
of sp2 sites bonded in the characteristic graphitic hexagonal rings. Increasing the sp3 fraction
causes clusters of sp3 bonded atoms to arise. In addition the hexagonal sp2 rings will be distorted and broken up by sp3 clusters withing them. When a large sp3 fractions are reached, the
cluster size of the sp2 clusters decreases until there are very few graphitic rings left. Now the
sp2 bonded atoms will be scattered throughout the sp3 dominated material, causing a heavily
disordered structure. [7, 11]

2.2.1

Formation

Formation of DLC films is governed by subplantation mechanism. Ionized atoms are implanted
into the sub surface region of the growing film. The atoms are embedded into the film, causing
a dense amorphous structure. Subplantation can happen one of two ways. Direct implantation,
where an incident atom will be embedded into the surface. Knock-on, where the incident atom
hits atoms in the film and knocks them into the sub surface. Both of these mechanisms implant additional atoms in an already formed surface, thus increasing the density. Embedding
additional atoms will increase the amount of stresses in films formed with subplantation. It is
important to determine the energy of the incident atoms, as any energy exceeding the penetration threshold (≈32 eV) may relax the structure. Relaxation is undesirable as it reverses the
formation of the dense structure achieved through subplantation. [9, 24, 25]
The correct management of the incident ion energy is extremely important if high sp3 content a-C films are to be deposited. For most Physical Vapour Deposition (PVD) methods, the
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energy of the deposited species is usually not high enough to force the formation of sp3 bonds.
Subplantation promotes the formation of the meta-stable sp3 bonds by ’locking’ them in place
with tension until the deposition is complete [25, 26]. In figure 7 the bonding of a-C deposited
by PVD changes with incident ion energy is presented. A maximum in sp3 bonding happens at
approximately 80 eV ion energy. As this project seek to maximize the sp3 content in this work,
80 eV is the ion energy we aim to achieve. [9]

Figure 7: The sp3 fraction depends on the incident ion energy. Too little energy, and no subplantation
happens. Too much energy provides energy left over after subplantation, which can relax the structure.
After Robertson [9].

Amorphous carbon film deposition is usually done in either a PVD or CVD process, where
carbon is ionized from a solid or a gas using an inert gas plasma and then accelerated towards
the substrate surface using a bias voltage. For deposition of high sp3 non-hydrogenated a-C,
PVD is used. The most common deposition methods include FCVA, PLD and HiPIMS. [6, 9, 12]

2.2.2

Various Forms of DLC

In this thesis, the main focus is on pure carbon DLC, but this is not the only possible type of
DLC. As seen in figure 1 hydrogenated DLC is a possible variation of the pure carbon DLC
[7]. In addition to the hydrogenated DLC, there are variations of DLC, like nitrogen (N) doped
DLC and metal containing DLCs.
Hydrogenated DLCs (a-C:H) are formed when depositing DLC in a hydrogen (H) rich atmosphere. This can be achieved by mixing a hydrocarbon precursor gas such as acetylene, methane
etc., with buffer gas (Ar). H has only one valence electron, and only bonds to a single carbon
atom in a-C:H. H bonds preferentially to sp2 sites in DLC, converting them to sp3 sites.
=C=C=

→

= CH − CH =

(1)

When depositing DLC in a H rich environment sp3 bonding is promoted, but the H is limiting
the bond strength of the material. The limitation is that H may only bind to one atom, as
opposed to C that may bind to four other atoms when sp3 hybridized. When including H in
the structure, there will be less bonds than if the structure were H free. The result is that
hydrogenated a-Cs are usually softer and have a lower density than their non-hydrogenated
counterparts. [6, 7, 27]
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N doped DLCs are formed in N rich environments. These variations of a-C have a much
more complex bonding structure than regular a-C and a-C:H because of the 5 valence electrons
of N, further explained by Ferrari et al. [28]. Low sp3 variations of a-C:N will show a stronger
cross-linking between the graphite planes, making them harder compared to graphite. In a-C
with a large sp3 fraction, incorporation of N will instead decrease the sp3 fraction, thus decreasing their mechanical strength. [17]
Additionally, several variations of a-C where metals are incorporated does exist. These are
usually hydrogenated or non-hydrogenated a-C with incorporation of some fraction of transition
metals. This causes a structure where transition metal carbide grains are incorporated in a a-C
matrix. Whilst the carbide grains are quite hard, the surrounding a-C matrix is usually weaker
than if no metals were present in the material. [29, 30]

2.2.3

Applications of sp3 rich DLC

DLC has a wide range of areas of application in industry. In read-and-write heads for hard
disk drives, DLC is widely applied, as it is a very thin coating with a smooth surface. In the
automotive industry, DLC is used because of its excellent tribological properties, reducing wear
and friction losses. From kitchen knives to metal cutting, DLC is used as because of it’s hardness
and wear resistance. In some cutting applications, only a single surface of the cutting edge is
coating. Resulting in a self-sharpening blade, as one side wears faster than the other. Many
biomedical applications of DLC, from cardiovascular to orthopedic, is possible due to DLC films
being chemically inert and biocompatible. DLC can be used as a mask and resist material for
integrated circuit production. [1, 2, 3, 4, 5]
2.2.4

State-of-the-Art of DLC Thin Films

The most prominent method for depositing high sp3 bonded a-C is FCVA [6, 11, 16, 19, 28], and
to a certain extent PLD [13, 14]. Both these methods are physical vapor deposition methods and
vacuum processes. These methods are preferred for deposition of DLC films as they have a very
high ion fraction of target atoms, enabling a higher subplantation rate. The high ion fraction is
because of the large amount of energy used to deposit the target atoms. The drawback of these
methods is low deposition rates and that they are difficult to scale up for industrial applications.
High energy is concentrated in a small spot to create the plasma discharge of target atoms and
the amounts of atoms discharged per time unit is dependent of the amount of energy used for
the discharge. As the energy is concentrated in a small spot, there is a upper boundary on the
energy that can be applied without destroying the target. Since the rate of discharged atoms is
somewhat fixed, up-scaling the processes to thicker films or larger substrate areas will result in
long deposition times [6, 31, 32, 33]. Amorphous carbon films deposited with FCVA and PLD
are hard, in the order of 50 GPa [6, 34, 35] and dense, usually over 3 g/cm3 [33, 36].
FCVA is a filtered version of Cathodic Vacuum Arc (CVA). In CVA a large current with
low voltage is applied onto the target surface, creating a small plasma discharge spot a few µm
wide. The discharged plasma is deposited from the target to the substrate, forming a film upon
the substrate surface. In CVA, macroparticles from the plasma discharge embedded in the film
is a major concern. This is remedied by having a filter. A single, or double, bend duct is placed
between the target and the surface. An electromagnetic field is applied to the duct, guiding the
ionized plasma. This electromagnetic field will not affect any macroparticles, as they are not
charged particles and will not traverse the duct. This modification to CVA is FCVA, which is
widely used for growing DLCs. The filtering does severely reduce the deposition rate to under
1 nm/min. [6, 11, 12, 16, 19, 28, 37]
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PLD uses a pulsed laser for ablation of target atoms. This highly focused laser is applied to
the target with high energy, usually in the order of 50-100 MW/cm2 , and is pulsed at intervals
of the order 10 ns. This creates a plasma plume of ionized target atoms, which can recondensate
at the substrate surface. PLD has an inherently low deposition rate. 101 2 atoms are deposited
per pulse. One of the advantages of PLD is that the target material may be in both solid and
liquid phase, as the ablation is done with a laser. A reactive deposition process can be achieved
by filling the process chamber with a reactive gas during deposition. [38]

2.2.5

Compressive Stress and Thermal Stability of DLC thin films

The state-of-the-art DLC films grown with FCVA and PLD have high amounts of compressive
stresses in them as-deposited. This is due to how sp3 bonds is formed, with subplantation,
during the deposition of these films. The film stress of such high sp3 films usually lie in the
range of 8-12 GPa. [18, 34, 37, 39]
The thermal stability of high sp3 DLC films is dependent on the sp3 content [40], where
both the thermal stability of the films and the transition temperature of bonds from sp3 to
sp2 increase with increasing initial sp3 content. The values for the transition temperature for
state-of-the-art DLC can go as high as 1100◦ C [37]

2.3

Magnetron Sputtering

Magnetron sputtering (MS) is a range of deposition methods under the PVD umbrella. This
method is based on around knocking out atoms from a solid material, called the target, which
then are deposited onto the surface the coating should be applied to, called the substrate. The
knocking out of the target atoms is usually accomplished by the use of a plasma and a voltage
potential over the deposition chamber. The process of depositing atoms by knocking them out
of a solid material is called ’sputtering’. A plasma is generated through electrical discharge of an
insert gas, typically Ar. A plasma is an ionized gas which contains both positive and negative
ionized species, but the plasma overall is quasi-neutral. The magnetron is providing a magnetic field, with the purpose of confining the plasma electrons close to the target surface. The
magnetron usually consist of a permanent magnet, an electromagnet, or a combination of both.
The positive ions in the plasma, when accelerated by a negative voltage towards the target, will
knock out these atoms and send them flying around the deposition chamber. The target atoms
will carry some amount of kinetic energy and when the atoms hit the substrate surface, this
energy is used to promote bonding to the substrate surface and to other target atoms. [12, 41, 42]
The most basic variations of magnetron sputtering are Direct Current Magnetron Sputtering
(DCMS) and Radio Frequency Magnetron Sputtering (RFMS). In DCMS, there is a constant
negative bias voltage applied to the target. This causes the plasma to constantly bombard the
target, sputtering the target material. For insulating targets, RFMS is used to prevent charge
buildup. This is done by varying the sign of the bias voltage at a high rate, ≈ 14 MHz, which
is in the radio frequency range. A schematic drawing of a magnetron sputtering setup can be
seen in figure 8. [9, 12, 42]
The state-of-the-art techniques FCVA and PLD use electrical current and lasers for ejecting
the target atoms respectively. Compared to FCVA and PLD, MS is simpler to implement for
industrial applications. The most important factor for industrial adaptation is scalability, how
easy is a process to scale up. Both FCVA and PLD deposit target material from a small evap-
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Figure 8: Schematic drawing of a MS chamber. The blue cloud in the center represents the plasma. [43]

oration spot on the target, and use the plasma beam to deposit the material onto a substrate.
This puts restrictions on how much material can be deposited per time unit, as the cathode spot
cannot be made larger without increasing the power applied to the target. This can alter the
film properties or simply destroy the target. In magnetron sputtering a process as plasma is used
to sputter target atoms onto a substrate. This process is easy to scale up, as larger substrates
and targets can be applied without changing the ionization fraction of the target atoms. As
long as the applied magnetron creates a sufficiently dense plasma over the entire target surface,
magnetron sputtering can be scaled up indefinitely. FCVA and PLD both have a low deposition
rate compared to HiPIMS, which causes a industrial process to be more expensive with FCVA
and PLD as time is an important factor in industrial production. [12, 14, 32, 33, 42]
When forming high sp3 a-C, the sputtered target atoms should be ionized during the sputtering process. This ionization allows the target atoms to be accelerated towards the substrate
surface at higher energy than neutral sputtered atoms, achieving subplantation. By having a
highly dense and concentrated plasma close to the target surface, the target atoms are ionized
during sputtering. Higher fraction of ionization of target atoms is possible to achieve with the
usage of a plasma species with a smaller ionic radius. Neon (Ne) plasma is applied in this study
to achieve a larger ionization fraction. [9, 10, 12]
For promotion of sp3 bonding a highly dense plasma and ionized sputtered atoms are wanted.
Conventional MS have lower density plasmas and therefore a smaller ionization fraction. This
results in a-C films grown with conventional MS are low in density and sp3 fraction. It would
be beneficial if conventional MS methods could be modified, so they keep their scalability and
simultaneously increasing the density and ionization of the plasma discharge. This can be done
by a pulsed process where high power plasma discharges is applied in short bursts. [9, 24, 25, 26]
HiPIMS is the specific sputtering method used in this work. The major differentiation from
standard sputtering process is the ’high-power impulse’ part of the method. Instead of constantly bombarding the target surface with plasma ions at moderate power, the target area is
bombarded with a high power plasma discharge for short periods of time. This alteration of
conventional MS increases the plasma electron density and ionization of both the plasma discharge and the subsequent sputtered atoms. With a continuous sputtering method, the constant
bombardment of high power plasma ions would raise the temperature at the target immensely,
which would destroy the carbon target. Therefore, a pulsed bombardment is applied together
with high power. When pulsed, a high density plasma with a large amount of ionized target
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atoms can be obtained, whilst still keeping the target material somewhat cool. [10, 12, 44].
Classically, HiPIMS deposition have been performed with Argon (Ar) gas, resulting in a Ar
plasma which is used for the sputtering. Ar atoms have a small ionic radius, and Ar plasma
can therefore be dense. In HiPIMS, the plasma density can be further increased by utilizing
Ne plasma instead of Ar. Since the Ne ions have a substantially smaller radius, its plasma can
also be denser. This promotes a higher ion fraction of the sputtered species. As explained in
section 2.1, the key to achieving high sp3 content DLC films is through a high ion fraction of
the sputtered species. [7, 11, 12, 44]
Exact details of the investigated deposition parameters is presented in the Experimental
Details section.

2.4

Raman Spectroscopy

All bonds between atoms above absolute zero have some latent energy in either bond vibrations,
molecule rotations or both. For solid materials this energy is in the form of bond vibrations.
These are small atomic vibrations that cause the atoms to be displaced from equilibrium at a
certain rate of frequency. These atomic vibrational motions are quantified as phonons. Similarly
to the distinct electronic energy levels in electron orbitals, the energy levels of the vibrations
also appear in discrete levels, or bands. This means that in any material, a certain amount of
energy is required to excite a vibrational state. [22]
Raman spectroscopy is a method in which electromagnetic radiation with well-defined wavelength is used to excite the vibrational and rotational modes of atomic bonds. The energy loss of
photons reflected off the material indicates which mode the photon have excited, indicating the
bond composition of the material. Raman spectroscopy is a fast, reliable, and non-destructive
method in which the bonding characteristics of a material can be determined [45].

2.4.1

Raman Spectroscopy of Amorphous Carbon

For amorphous carbons, the material properties are largely controlled by the amount of sp2 and
sp3 hybridized bonds. Raman spectroscopy is a powerful tool when determining the properties
amorphous carbons. The interesting features in the Raman spectra are the T, D and G peaks,
as shown in figure 9. These peaks originate from first order excitations of the sp2 and sp3 sites
in amorphous carbon [11, 15, 46]. The origin of each peak, as well as how the peaks evolve with
structural changes is discussed further in section 2.4.2.
The excitation energy of 532 nm corresponds quite closely to an electronic transition of the
material, leading to a resonant enhancement of the Raman cross-section [47, 48]. This causes the
intensity of probed sp2 sites to be significantly larger than that of the probed sp3 sites, making
the sp3 sites hard to detect. To probe the σ states for sp3 sites an excitation energy within the
Ultra-Violet (UV) range is required [18]. To fully understand the a-C Raman spectra, the origin
of the characteristic peaks in the Raman spectra must be understood.
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Figure 9: UV Raman spectra of amorphous carbon. Illustrating the approximate positions of the T, D
and G peaks. Excitation wavelength is 325 nm.

Figure 10: Vibrational modes of amorphous carbon. (A) is the E2g stretching of all carbon bonds. (B) is
the A1g breathing modes of the aromatic rings. Both modes may be active at the same time as the E2g
mode is possible for all sp2 C-C bonds. [11]

2.4.2

Peak Origin

G Peak
The G peak originates from E2g sp2 stretching modes, of all sp2 sites, in rings and in chains,
as seen in figure 10 (A). In disordered carbons there is an effect from coupled electron-phonon
excitation, causing the line shape of the G peak to be asymmetrical. This interaction stems
from each excited electronic state coupling both to the ground state and to an excited phonon
state [49, 50]. Based on this, in conjunction with previous works [7, 11, 16, 20, 28, 51] I assign
the G peak to a Breit-Wigner-Fano (BWF) line shape, as described by equation 2.

IBW F (ω) =

I0 [1 + 2(ω − ω0 )/QΓ]2
1 + [2(ω − ω0 )/Γ]2

(2)

Where I0 is the peak intensity, ω0 is the peak position, Γ is the Full Width at Half Maximum
(FWHMG ) and Q−1 is the BWF coupling coefficient, describing asymmetry. A Lorentzian (L)
line shape is acquired when Q−1 → 0.
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D Peak
D peak comes from A1g breathing modes of the aromatic sp2 rings as seen in figure 10 (B). The
D peak only appears in disordered carbons as it requires a finite crystallite size for the polarizability to not cancel out over the infinite crystal [15]. The A1g breathing mode explaining the D
peak does not include the dispersion of the D peak position with changing excitation wavelengths
amongst several things [52]. It is proposed that the D peak’s dispersive nature is due to resonant Raman process [53, 54, 55]. I assign the D peak to a L line shape, described by equation 3.

IL (ω) =

I0 Γ2
4(ω − ω0 )2 + Γ2

(3)

Where I0 is the peak intensity, ω0 is the peak position and Γ is FWHMD .
In several previous works, a fit consisting of two Gaussian curves has been used interchangeably to the Breit-Wigner-Fano and Lorentzian (BWF+L) curve fit. While the double Gaussian
(DG) fit may be an adequate approximation in some cases, it is important to apply curve fitting
functions which to a greater extent mirror the actual peak shapes rather than approximations.
Since only empirical relationships exist between the peak parameters and the sp3 content, a
proper curve fit is critical in this work.

T Peak
The C-C vibration of sp3 sites gives rise to a broad peak around 1040 cm−1 , named the T peak.
This peak is hard to detect for most excitation wavelengths because the cross-section of the sp2
sites are much larger than that of sp3 sites for low excitation energies [18]. In addition there
is a resonant enhancement of the sp2 signal as the excitation energy corresponds an electronic
transition when visible light is used as excitation source [51]. As seen in figure 9, the T peak in
our samples is in the same area as the tail end of the D peak, making it indistinguishable from
the tail and the background. Although the sample shown in figure 9 is not the most sp3 rich
sample (Sample C05, floating potential Ar), however this is still how the T peak area looks for
all samples investigated in UV Raman.
In previous studies by Merkulov et al. and Ferrari [18, 19] a small D peak is reported, which
causes the area around the T peak to only consist of background and the T peak. Even considering this the T peak is hard to detect, unless 244 nm excitation light is used on a high sp3
content sample, as seen in figure 11 and 12. When the T peak is visible, it is seen as a low and
broad hump rather than a sharp peak [19, 51, 56]. Köhler et al. [57] shows that the Vibrational
Density Of States (VDOS) for both the sp2 and sp3 sites is dependent on the mass density in
the film, specifically the VDOS for sp3 decreases quite fast for densities below 3.0 g/cm3 .
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Figure 11: Raman spectra by Merkulov, et al. Shows the T peak around 1100 cm−1 in FVAC deposited
a-C films. Excitation wavelength 244nm. [19]

Figure 12: Raman spectra by Ferrari. Shows the multi-wavelength Raman analysis of ta-C. Note that
the indicated T peak is a low, nearly indistinguishable, peak. [18]

3
3.1

Raman Spectroscopy and Structural Evolution
Three-Stage Model

A widely used model for understanding the evolution of amorphous carbon film properties and
how these are correlated to Raman spectroscopy is the three-stage model by Ferrari et al. [11].
Figure 13 shows how the D/G-peak cluster will evolve with structural change in the thin film.
This is the base for Ferraris three-stage model.
The three-stage model is based on a amorphization trajectory which shows evolution of film
structure from graphite, through nanocrystalline graphite (nc-G), amorphous carbon (a-C), to
tetrahedral amorphous carbon (ta-C). In figure 14 the G peak position and how the peak intensity ratio ID /IG evolves with a change in the film structure is presented. Based on mass density
measurements, the only relevant region of the three-stage model for our films is the third stage.
13

Figure 13: Schematic model of how the D/G-peak cluster obtained with Raman spectroscopy changes
with properties of the film. [11]

Note that with heat treatments or film depositions with elevated temperatures the three-stage
model shows hysteresis [11]. However, this does not affect our analysis of the Raman spectra
parameters, as the samples were not subjected to elevated temperatures during this part of the
investigation.

Figure 14: Model of how the G peak position and the peak intensity ratio change with amorphization of
carbon from graphite to ta-C. [11]

The numerical analysis is mostly based on the three-stage model by Ferrari [11] where the
focus is on stage 3. Where an amorphous carbon film increase in disorder, nearing a higher sp3
bonding percentage. The trends shown in stage 3 of Ferraris model is used to get a qualitative
understanding of how the films investigated in this thesis evolve with changing deposition parameters. Furthermore, investigation of the different peak parameters and their physical origin
is of the utmost importance to understand what the different peak parameters give information
on, and why these can be used to indicate sp3 content.

14

3.2

Peak Parameters

To fully comprehend the Raman spectra and relate changes in that to changes in the film, information of what the peak parameters indicate is needed. In this section a few peak parameters
and combinations of peak parameters used for analysis is investigated. Some peak parameters
will not be regarded in this section, due to the following explanations. The pure peak positions
and peak intensities are not considered. The peak positions are in the case of G and D peak
dependent on too many physical factors, and will have no simple relationship with the physical
change in the film [11, 28]. The Peak intensities by themselves does not say much of importance
as they are only indicative of the amounts of photons scattered with a certain amount of lost
energy for that particular sample.

3.2.1

IT /IG

The intensity ratio of the T and G peak (IT /IG ) is a direct probe of the ratio between sp3 (T
peak) and sp2 bonded atoms (G peak). This is the preferred peak parameter to investigate if
determination of sp3 content is wanted [18].

3.2.2

ID /IG

The intensity ratio of the D and G peak (ID /IG ) is a probe for the ratio of sp2 bonded atoms in
rings (D peak) and chains (G peak). Note that all sp2 atoms are bound in chains, so the G peak
account for all sp2 sites. This ratio will decrease in size with an increase in sp3 bonded atoms,
as an increasing number of sp2 atoms will be bonded in chains instead of rings. This ratio has
been widely applied as a strong marker of sp3 content though Ferraris three-stage model, as
explained in section 3.1 [11].

3.2.3

FWHMG

The FWHMG is a probe of the structural disorder of all sp2 sites. This structural disorder is
the physical distortion of bond length and bond angle of sp2 bonds [16, 17]. Related to the
subplantation method [24] a higher sp3 content comes from a higher amount of strained sites
from the subplantation method, showing as an increase in the FWHMG . It is fair to assume
that for a-C films formed with through subplantation, the FWHM of the G peak will probe the
amount of sp3 sites indirectly via the structural distortions in the film.

3.2.4

Disp(G)

The dispersion of the G peak (Disp(G)) originates from the size and shape distribution of the sp2
clusters [11, 16, 17, 28]. Smaller sp2 clusters cause a higher dispersion of the G peak, indicating
that a larger amount of sp3 bonded atoms increases the dispersion of the G peak.

3.2.5

Peak Parameter Summary

Based on this it is expected that the following changes in peak parameters indicates an increase
in sp3 content:
• Increase in IT /IG .
• Increase in the FWHMG .
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• Increase in the disp(G).
• Decrease in the intensity ratio of the peaks ID /IG .

3.3

Film Density and Compressive Stress

The density of graphite and diamond are well known, and as a-C is composed of parts graphite
and diamond bonding, the density of a-C films will be in between that of graphite and diamond.
Films closer to diamond in density will have a larger sp3 content [6, 36]. The subplantation
mechanism will always cause a certain amount of inner compressive stresses. The amount of
compressive stresses in non-annealed a-C film might correlate directly to the amount of sp3
bonding yielded from the deposition [24]. Both these parameters indicates the diamond-likeness
of a a-C film, and it is interesting to relate these parameters to the chosen peak parameter,
FWHMG , from the Raman spectra. Since Raman spectroscopy of a-C varies profusely with
changes in the film it is important to find the highest amount of correlations between structural
properties in the film and effects seen in the Raman spectra.

3.4

Temperature Induced Stress Relaxation and Structural Change

While it is well known that there needs to be a certain amount of compressive stress present in
the formation of the film to promote sp3 bonding [24]. A problem of hard a-C films as coating is
that the amount of compressive stresses yielded during deposition is large enough to make the
film tear and peel off if the film thickness is large (≥ 1µm) [6]. It is shown by Ferrari et al. [37]
and Xu et al. [40] that a post deposition annealing of a-C films is a staged process. The film
stresses relaxes during the initial part of the annealing, followed by a structural change where
sp3 sites transform into sp2 sites. This transformation is seen as a separation of the D and G
peak in the Raman spectra. The structural change is shown more clearly with UV Raman as the
visible Raman is sensitive to sp2 sites, and as the relaxation process affect the bond length and
distortion, the visible Raman spectra will show a peak separation with both stress relaxation
and structural change. Xu [40] also shows that the sp3 fraction of the film influences the energy,
and also with which ’sharpness’, at which the film goes through a structural change. In this
work a selection of films are prepared with HiPIMS, annealed, and investigated with Raman
spectroscopy to determine the transition temperature.
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4

Experimental Details

The samples used in this work for Raman analysis were DLC thin films in the thickness range of
100 nm to 500 nm grown on (100) Si wafers. The detailed experimental description of the film
growth and characterization is presented below. Film depositions, measurements of hardness,
thickness, film stresses, and densities were performed by Asim Aijaz at the institute of solid state
electronics at Uppsala University. ERDA measurements were performed by Lukas Jablonka at
the institute of solid state electronics at Uppsala University. The author cooperated on some
film depositions, and performed Raman measurements and subsequent analysis of all data.

4.1
4.1.1

DLC Thin Films
Film Deposition

The DLC thin films were deposited in a high vacuum chamber (base pressure x10−5 Pa) using
a 90 mm diameter, 6 mm thick C target (purity 99.9%). The target was mounted on a circular
magnetron operated in an unbalanced magnetic field configuration. Ar and Ne were used as
processes gases. The flow rates of Ne and Ar were controlled by mass flow controllers (MFCs).
A pressure of 2 Pa was used as an operating pressure. HiPIMS power to the cathode was applied in the form of unipolar pulses. Pulses having a frequency of 500 Hz and a width of 100
µs resulting in a duty cycle of 5% were supplied by a pulsing unit (SPIK 1000A by MELEC)
fed by a direct current (DC) generator (Pinnacle by Advanced Energy). The pulsing unit was
controlled by an arbitrary function generator (Tektronix AFG 3200) and was capable of generating rectangular shaped unipolar voltage signals. A constant average power of 500 W was used
for all experiments. The target current and target voltage were monitored using current and
voltage transducers while they were recorded on an Infiniium (DSO 9064A) digital oscilloscope.
DLC films were grown on Si (100) substrates that were cut into 25 mm x 25 mm from a 500
µm thick Si wafer. The substrates were placed on a stationary substrate holder facing the target
at a distance of 80 mm from the target surface. In order to control the energy and composition
of the film forming flux, a pulsed power supply (home-built) was used for applying substrate
bias. The bias power supply was capable of providing rectangular-shaped unipolar voltage signal
that was synchronized with cathode voltage pulse. For film deposition, substrate bias potential
(UB ) was varied from floating potential (Uf l) to 300 V. In order to achieve the synchronization,
the pulse frequency of UB was chosen to be the same (500 Hz) as that of the cathode voltage
signal, UD . The pulse on-time of UB was 300 µs.
The thickness of the film was determined using a Dektak 150 Stylus profilometer. The deposition rate was determined by using the film thickness and the deposition time.

4.1.2

Sample Series

The depositions are divided into separate series. One series deposited with Ne and the other
with Ar based HiPIMS discharge. The varied parameter in the series was the negative substrate bias potential, which was varied from floating potential (Uf l ), 100V, 200V and 300V
for the respective depositions. An additional series with two samples, both deposited at 200V
negative substrate bias, but with Ar and Ne discharges respectively were deposited for use in
post-deposition annealing experiments. Annealing were performed in a vertical furnace under
an Ar atmosphere at temperature ranging from 100◦ C to 600◦ C. The sample series are listed in
table 5
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Sample ID
C05
C04
C17
C08
C09
C06
C18
C07
C42
C37

Sample Information
Process gas Bias Voltage, V Hydrogen Content, %
Argon
0
0,4
Argon
100
n/a
Argon
200
10
Argon
300
6
Neon
0
15
Neon
100
n/a
Neon
200
6
Neon
300
0,5
Argon
200
n/a
Neon
200
n/a

Table 5: Basic information about the samples examined in this study. Sample C42 and C37 were used
for annealing. These samples were deposited under identical conditions as C17 and C18, respectively.
All the samples above were 100 nm thick. The chemical composition of the films was determined using
ERDA and is presented in table 7.

4.2
4.2.1

Characterization
Chemical Composition

The chemical composition of the films was obtained from Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) setup using a 32 MeV 127 I8+ beam. The incident angle of the beam
with respect to the surface normal was chosen as 67.5◦ , while the detector was placed at a recoil
angle of 45◦ .

4.2.2

Density

In order to determine the mass density of the films, X-Ray Reflectivity (XRR) measurements
were performed by an x-ray diffractometer (Philips Xpert) operated in reflection geometry using
Cu-Kα (λ = 0.15406 nm) monochromatic radiation. A simulated curve was generated using the
Xpert reflectivity program and was fitted to the measured curve to obtain film density.

4.2.3

Film Stresses

The film stresses were measured using wafer-curvature method by using the same profilometer
as used for thickness determination. For the stress measurements, films of about 150 nm were
deposited on both, standard 500 µm thick as well as on thinner 200 µm Si (100) wafers. The curvature of the substrate was measured before and after the film deposition. The stress of the film
was calculated from the changes in the substrate curvature by using a modified Stoney equation.

4.2.4

Raman Spectroscopy

The structural investigation of the deposited films was performed by employing visible and UV
Raman spectroscopy using a Renishaw inVia Raman microscope equipped with a Co laser of
wavelength 532 nm (Visible) and a He-Cd laser of 325 nm (UV). Care was taken to avoid sample damage from laser exposure, which was 15 and 30 seconds, for 532 and 325 nm wavelength
respectively. Raman spectra for the annealed films were recorded under identical measurement
conditions as used for as-deposited films. All recorded Raman spectra were fitted using a combination of BWF and L line shapes. The D peak in the region 1380 cm−1 was fitted by L line
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shape whereas G peak in the region 1580 cm−1 was fitted using a BWF line shape. A linear
background was subtracted from the spectra before curve fitting.
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5

Results and Discussion

This chapter contains the description of the development of the Raman spectroscopy based
analysis method, the obtained results and contains the discussion on the obtained results. This
chapter is therefore divided into several sections.

5.1

Estimation of sp3 /sp2 Bond Fraction

When considering Raman spectra of DLC we notice the D and G peak as described in numerous
previous works [7, 11, 16, 20, 28, 51]. Figure 9 shows a typical Raman spectra for our samples,
with indication of the positions of the T, D and G peak. The D and G peak are located at 1380
and 1580 cm−1 respectively. There is also some contribution from the C-C vibrations from sp3
bonds, generating the so called T peak around 1040 cm−1 . Unfortunately this peak is rarely reported as a definite observable peak [11, 17, 58]. Any intensity from a possible T peak lies within
the same area as the D peak tail end, as seen in figure 9 and cannot be observed due to this
overlap. Peak deconvolution with three Gaussian curves for the T, D and G peak was attempted
for the UV Raman spectra, but no peaks in the 1040 cm−1 area could be found. This disqualifies
the intensity ratio IT /IG as a reliable sp3 content probe for the samples investigated in this work.

Figure 15: Shows the total fit, and the separate fits of the BWF (G peak) and L (D peak) line shape.
Illustration of the goodness of the fitting method. The small peak at 950 cm−1 is the second order Raman
peak from the Si substrate.

An example of the result of a curve fit using BWF and L line shapes is presented in figure
15. The alignment of the total fit with the Raman data is quite accurate and the fit can be
assumed as good. Comparatively, a spectra fitted using a double Gaussian (DG) is presented in
figure 16. Comparing the two fitting methods, the BWF+L fitting method shows much better
correlation to the Raman spectra than the DG fit. Whilst the total fit for the DG is only slightly
less precise than the BWF+L fit, the big difference in the fittings are their estimation of the
peak sizes. The Raman spectra for the investigated samples should show a larger G peak than
D peak. This is because the G peak comes from the stretching modes of all sp2 sites which is
much more pronounced in DLC films than the D peak which stems from the breathing mode of
sp2 hybridized carbons in rings. Also the samples have a significant amount of sp3 sites. This
makes it clear that the DG fit overestimates the value of the D peak intensity. In figure 17 a
DG fitting method is also applied, but in this instance the intensity of the G peak has been
constrained above a minimum value. This is to see if the overestimation of the D peak size is
the result of bad initial values, promoting the D peak size, or because the DG fit is just not a
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suitable method for deconvolution of the D/G-peak cluster in Raman spectra of DLCs. Based
on the comparison of the two fitting methods with regards to figure 17 and figure 16, it can
be concluded that the BWF+L fitting should be employed for analyzing the Raman spectra of
DLC films.

Figure 16: Shows the total fit, and the separate fits
of Gaussian 1 (D peak) and Gaussian 2 (G peak)
line shape. Illustration of the goodness of the fitting
method. The small peak at 950 cm−1 is the second
order Raman peak from the Si substrate.

Figure 17: Shows the total fit, and the separate fits
of Gaussian 1 (D peak) and Gaussian 2 (G peak)
line shape. In this picture the height of the G peak
has been constrained so it does not go under the
value seen in the graph. Illustration of the goodness,
or lack thereof, of the fitting method. The small
peak at 950 cm−1 is the second order Raman peak
from the Si substrate.

Several peak parameters were extracted for each series, and plotted versus the bias voltage.
The peak parameters examined were: FWHMG , disp(G), and ID /IG . In figure 19, 18 and 20
the peak parameters obtained from the BWF+L fitting of the D and G peak cluster is presented.

Figure 18: Experimental data from the series de- Figure 19: Experimental data from the series deposited in an Ne atmosphere.
posited in an Ar atmosphere.

Looking at the trends obtained from the FWHMG and disp(G) for the Ne series, it is apparent that there is a maximum at 200V bias voltage. This indicates that the sp3 content of the
films from this series reaches a maximum for the ion energy corresponding to 200V substrate
bias. Although this trend looks promising, only a finite range and relatively few points have
been examined, and the trend cannot be confirmed to reach across all variations in bias voltage.
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As opposed to the trends seen for the Ne series, the Ar series does not show the same conclusiveness in its trend. Looking at the FWHMG we see a slight increase with the increase in
bias voltage. The FWHMG does not reach a maximum in the examined range, which indicates
that the ion energy of the film forming C atoms needs a higher bias voltage to reach an equally
sp3 saturated deposition with Ar-HiPIMS as compared to Ne-HiPIMS process. Looking at the
dispersion of the G peak position we observe an unexpected behavior; the disp(G) decreases
with an increase in bias voltage. As the subplantation mechanism [24] suggests, the sp3 content
should increase with increasing ion energy, the trend for disp(G) therefore seems unlikely. This
might stem from the G peak positions being reliant on several different film parameters [11]
combined with some uncertainty in the numerical deconvolution. If the disp(G) for the Ar series
is inaccurate, it cannot be considered completely reliable for the Ne series as well.

Figure 20: Experimental values of the intensity ratios for both the sample series deposited in Ar and Ne
atmospheres. Data presented for both visible and UV Raman spectroscopy.

ID /IG do show trends which comply with the FWHMG and disp(G) for the Ne series. There
is a trend which would indicate a maximum of sp3 content for the sample deposited with 200V
substrate bias. For the Ar series, the trends show a somewhat surprising correlation. As with
the trend obtained from the FWHMG we have a slight change in sp3 content with increasing bias
voltage, but instead of an increase as suggested by the FWHMG , the intensity ratio indicates
that the sp3 content decreases with increasing substrate bias. This peculiar behavior implies
that the trends from the three indicators of sp3 content for the Ar series are similar and it needs
to be investigated further.
The intensity ratio is a probe of the amount of sp2 bonds in rings (D peak height) to the
total amount of sp2 (G peak height). This means that a low intensity ratio either means that
there are few graphitic sp2 bonds (rings), or that the cluster size of the sp2 bonds are so low
that there are virtually no rings.
In Ferrari et al.[11], based on works by Tuinstra and König [15] a relationship between the
in-plane correlation length (La ) is presented. This relationship is seen in figure 21. Whilst the
intensity ratio has been used for a long time to probe the sp3 content of amorphous carbons,
I propose that films with similar amounts of sp3 -bonding may have different intensity ratios as
an effect of their clustering. As no strict relationship between the clustering of sp2 domains and
the total sp3 content exist, I find it debatable as to say that the intensity ratio, a probe of the
clustering of sp2 atoms, is a true indicator of the sp3 content.

22

Figure 21: Relationship between the intensity ratio and the in-plane correlation length for nanocrystalline
graphite (nc-G) and tetrahedral amorphous carbon (ta-c). From Tuinstra and König et al. [15] and Ferrari
et al. [11].

Although all the four peak parameters studied give valuable information about the film properties, it is in this projects interest that a single parameter which indicates the amount of sp3
bonded carbon atoms is chosen for further analysis. For this purpose I believe the FWHMG
peak is the strongest indicator for sp3 content. The FWHMG probes the amorphous character
of the film and the numerical value will only reach a maximum close to full sp3 hybridization. It
should be noted that there is some element of dispersion with the FWHMG . As seen in figures
18 and 19 a higher excitation wavelength will yield a higher numerical value for the FWHMG ,
but overall the trends stay the same. From the Ne sample in figure 18 we see that the dispersion
of the G peak yield the same trends as the FWHMG does.
The reason for not choosing disp(G) as the primary indicator is that it requires spectra from
at least three different excitation wavelengths to obtain the linearity of the dispersion. The data
points will have some deviation or uncertainty, which may lead to a significant change in the
value of the dispersion if spectra from several different wavelengths is not used. Adding to that,
the purpose of this study was to develop a fast and effective method for determination of the
sp3 bond percentage. While the dispersion shows promise as an sp3 content indicator, it is far
more time-consuming than the alternatives. Obtaining spectra at several different wavelengths
as opposed to one spectra at one wavelength is not efficient.
The previously most used probe for the sp3 content, ID /IG , I deem the least reliable of
the sp3 indicators. While it has been used widely before, the values obtained in this work for
the intensity ratio is far off those reported for a-C with above 25% sp3 in Ferrari et al. [11],
Prawer et al. [47] and Ager et al. [59], and shown in stage three of the three stage model in
figure 14. The results in this study can’t be compared to previous studies, and no clear trend
is emerging from the obtained data as seen in figure 20. Following this, it is hard to justify
the usage of the intensity ratio of the D and G peak as a reliable probe of the sp3 content.
The deviation of the intensity ratio obtained in this work from previous works might come from
the fact that the intensity ratio will be different for changes in the clustering of the sp2 phase
as seen in figure 21. Determination of the clustering of sp2 sites is beyond the scope of this work.
The T peak, which is the peak originating from the sp3 bond vibration modes, is deemed
unsuitable for characterization in this work. Even though the intensity ratio of the T peak and
the G peak IT /IG would give the best indication of the ratio of sp3 and sp2 bonds, a discernible
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T peak have not been observed in any of the investigated spectra. The T peak intensity can
therefore not be utilized.
As the results from this section will be used for analysis in the following sections it is important to determine the most reliable sp3 content indicator. The FWHMG has been chosen as
the most reliable indicator of sp3 content. The FWHMG obtained from both visible and UV
Raman spectroscopy will be used in the coming sections to characterize and compare different
DLC thin films.

5.2

Correlation of sp3 /sp2 Fraction with Film Density and Compressive Stress

Film density and compressive stress as function of substrate bias potential and process gas are
presented in figure 22. An increase in both, density and stress with increasing substrate bias is
observed. Interestingly, the Ne series shows an earlier rise in, and closing to saturation of, the
film stress compared to the Ar series. However, similar trends in film density are obtained. The
trends for the Ne series are similar to that seen in figure 18, and relates the increase in FWHMG
to corresponding increase in film density and film stress. The Ar series shows a similar trend
for the stress as what is seen for the FWHMG in figure 19. The density, however, seem to reach
a saturation or maximum at 200 V bias voltage. This is the same bias voltage at which the
Ne series reaches a sp3 maximum, when regarding the film density, film stress and FWHMG as
indicators of sp3 content.

Figure 22: Film density and stress as a function of the deposition substrate bias for both Ar and Ne series
obtained from visible Raman. Depositions with Ne plasma create denser films with a higher amount of
compressive stresses.

From the results presented in figure 22, it is interesting to analyze the interdependence of film
density and film stress on FWHMG for getting further insight into the film properties. Figures
25 and 24 show these results.
In figure 24, a decaying exponential relationship can be observed between film density and
FWHMG . Such a relationship is useful in understanding the correlation between physical properties and Raman peak parameters. However, considering the difference between Ne and Ar
series, such a relationship does not entail reliable information making the observed exponential
relationship less trustworthy because of the lack of more data points. However, previously a
linear relationship between the density and the sp3 content in FCVA deposited DLC films has
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Figure 23: A linear relationship between the density and the sp3 content in FCVA deposited a-C. By
Robertson [9].

been reported [9]. This may suggest that there is a similar but distinct relationship, as seen in
figure 23, between the FWHMG and the sp3 content. This supports the earlier argument about
the reliability of the FWHMG as the appropriate parameter for estimating sp3 content of DLC
films. Similar relationship have been reported by Cui et al. [60].
In figure 25, a linear relationship between the film stress and the FWHMG is observed globally as well as for each of the Ne and Ar series individually. This is a promising relationship,
which would benefit from further investigation.

Figure 24: Film density as a function of the Figure 25: The film compressive stresses as a funcFWHMG obtained with 532 nm excitation light. A tion of the FWHMG obtained with 532 nm excitadecaying exponential trend is visible.
tion light. A linear trend is visible.

The relationship seen in figure 24 and 25 is a gauge between the different sp3 content indicators. The importance of this is that there are apparent links between different probes, which
can be used to better understand the film properties and structure, as well as giving several
indicators of the sp3 content that have identifiable relationships to one another.
The density and stress of the films follow the trend seen from the Raman analysis. In the Ne
series, the sp3 content, indirectly seen by the stress and density in as-deposited films, increases
and reaches what seems to be a saturation or maximum point at 200V substrate bias. For the
Ar series, there is a steady increase in film stress with increasing bias voltage, which is consistent
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with the increase in FWHMG for the same increase in bias voltage. However, the film density
seems to reach a maximum at 200V, which is the same voltage that the Ne series seemingly
reaches its peak in sp3 content. When plotted against the FWHMG , the films stress displays
a linear relationship with the FWHMG , and the film density displays a negative exponential
relationship with the FWHMG .

5.3

Investigation on Stress Relaxation and Thermal Stability

The Raman measurements performed on the annealed samples, C42 (Ar 200V bias) and C37
(Ne 200V bias) are presented in figures 26 and 27 respectively. The chemical composition of
these samples was not determined, but it is assumed to be similar to the corresponding C17 and
C18 samples which were deposited under identical conditions. Looking at the Raman spectra of
C42 in figure 26 there is a constant, almost linear separation of the peaks. This might indicate
that there is a simultaneous stress relaxation and structural change in the film, which causes a
peak separation to occur. If we compare this to the trend shown in Xu et al. [40] where samples
of lower sp3 content exhibited a more constant peak separation than samples which were high in
sp3 . Although Xu et al. did not have a peak separation as constant as our C42 sample, following
the trend we assume this stems from the low sp3 content.

Figure 26: Raman spectroscopy of a 100 nm film deposited with 200 V bias voltage in Ar atmosphere,
sample C42. 325 nm excitation wavelength. A distinct separation of the D and G peak is almost linear during the entire heating process, but FWHMG
becomes notably smaller at 300◦ C sample.

Figure 27: Raman spectroscopy of a 100 nm film deposited with 200 V bias voltage in Ne atmosphere,
sample C37. 325 nm excitation wavelength. Distinct separation of the D and G peak happens at
500◦ C. This indicates a distinct structural change
from sp3 to sp2 bonding.

Sample C37, presented in figure 27, shows a temperature dependence that is similar to that
reported by Ferrari et al. [37] and Xu et al. [40]. The Raman spectra only show a very slight
peak separation in the range of 100◦ C to 400◦ C. The most appreciable peak separation and
decrease in the FWHMG occurs at 500◦ C. This shows that the film undergoes stress relaxation
up to 400◦ C, before a change of bonding from sp3 to sp2 around 500◦ C takes place. From this,
it can be inferred that the C37 sample has a higher amount of sp3 bonded atoms, compared
to C42. This result is also consistent with all the other results in which we can compare C42
and C37, and once again supports the argument that the DLCs deposited with Ne plasma, as
opposed to the standard Ar plasma, exhibit more diamond-like character.
The results from the Ne series shows that the annealing experiments need to be performed at
further higher temperatures than 500◦ C. The films were therefore annealed at 600◦ C, however
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this resulted in complete damage of the films. For this weakness at high temperature, it can be
speculated that after the structural transition the film was completely graphitized and which is
not resistant to heat.

Figure 28: The evolution of the FWHMG of both the Ar and Ne series as a function of temperature
investigated with UV Raman. Both series have a significant drop around 300◦ C and 450◦ C for the Ar
and Ne series, respectively. This drop is assigned to a large structural change where there is a transition
of sp3 to sp2 bonding.

As can be seen in figure 28, the Ar sample shows a more distinct decline around 300◦ C while
the Ne sample exhibits this at further higher temperature of 450◦ C. There is also a continuous
decrease in FWHMG in both samples before the sharp transition occurs. This could result from
the residual H content of the film that will severely affect the thermal stability of the DLCs. I
propose that this relatively steady decline is due to the dissolving of C-H bonds and the subsequent transition of the affected atoms from sp3 to sp2 bonding.
As no flattening of the curve for the Ne sample after 500◦ C is observed, we assume that
the step is of a similar height to that of the Ar sample. This would imply that the transition
temperature is close to 450◦ C and not substantially higher as we anticipated. This conclusion
is mainly based on the limitations with the performed experiment.
From the D and G peak separation in the Raman spectra of the annealed films, we can see
that the sample deposited with a Ne plasma has a higher temperature at which the sample goes
through large structural changes as compared to Ar. This corresponds to higher amount of sp3
bonded atoms in the Ne sample [40].

5.4

Comparison of HiPIMS and State-of-the-Art Grown DLC Films

To put these results into perspective of the state-of-the-art, this section provides a comparison
of results of this work and other studies on DLC films. The sample used as the reference for this
work is sample C18, deposited with Ne plasma at 200V substrate bias. As all the properties
investigated in this work is related to the sp3 content, this section works as a comparison of
different methods, and how the properties on films from these methods relate to the sp3 content.
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5.4.1

Film Stress and Density

A short comparison of the film stress and density to other a-C films deposited with FCVA, PLD
and MS is presented in table 6. We observe that both the density and stress of the C18 sample
is some margin under the high sp3 content samples we compare it with, but that the difference
in film stress is a lot larger than the difference in density.

Deposition
method
HiPIMS
FCVA
FCVA
FCVA
FCVA
FCVA
PLD
DCMS

sp3
(%)
81
87
80
82
62
≤20

Density
(g/cm3 )
2.65
3.17

3.29
2.72
3.0
1.72

Film Stress
(GPa)
2.35
11
8.2
9.4
6.8

Process
Information
Ne, 200V bias
S-bend filter
S-bend filter
single-bend filter
S-bend filter
S-bend filter

Citation
This Work
[39]
[37]
[18]
[34]
[33]
[39]
[39]

Table 6: Small selection of stress and density data of FCVA, PLD and MS deposited films in relation to
sp3 content. All films are as-deposited.

The density of the investigated films are comparable to that of the FCVA deposited DLC
by Fallon et al. [33], which has a sp3 content of 62%. This indicates that we may reach as
high as 60% in our HiPIMS deposited DLC, which is very good compared to conventional MS.
There are still improvements to be made before HiPIMS deposited DLCs can reach densities
over 3 g/cm3 . Possible improvements could be through further optimization in pulse length and
pulsing on-time of the plasma discharge. In addition, variation of target power density, and magnetic field strength of the magnetron may help increase the ion fraction in the sputtered material.
Regarding the compressive stresses in the C18 film, this is significantly lower than that of
the high sp3 films in table 6. Some of the disparity may come from the fact that the C18 sample
has 6% H, whilst the films its compared to are assumed to be H free because the H content of
those films was not reported. The presence of H reduce the overall compressive stress. However,
if the H content was the sole reason for the difference in compressive stress, a larger difference
should also be present in the film densities which is not the case here. Further investigation on
the matter is needed to determine all causes for this difference.

5.4.2

Thermal Stability

Comparison of how the FWHMG in our samples in figure 28 and in a study done by Ferrari in
figure 29 [37] reveals two crucial differences between our HiPIMS deposited samples and Ferrari’s
FCVA deposited samples.
Firstly, the FCVA deposited ta-C display a strong thermal stability up until its transition
temperature at 1100◦ C. This is not a trait shared by the HiPIMS deposited DLC investigated
in this work. As expanded upon previously, the fact that the HiPIMS deposited films have some
amount of H in them might affect the thermal stability. This makes it difficult to determine
if the lack of thermal stability before the transition temperature is due to the H content, or
to a low sp3 bond content. It should also be noted that FCVA deposited films were annealed
in vacuum environment while our films were annealed in Ar atmosphere. A lower transition
temperature and deterioration of the transition temperature due to oxidation can occur if the
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films are annealed in non-vacuum environments. We should therefore expect that the FCVA
films would exhibit lower transition temperature if annealed in similar atmosphere as our films.
Comparing the transition temperatures of 450◦ C and 300◦ C for the Ne and Ar films, respectively, we can conclude that a higher amount of sp3 bonded carbons will increase the transition
temperature. This is certainly a factor in the much higher transition temperature of the FCVA
deposited film, as it has 85% sp3 [37]. We do not expect such a high sp3 content in the films
prepared in this study. The H content might also affect the transition temperature, but this is
not possible to determine for the HiPIMS deposited samples, as there are no completely H free
samples to compare the obtained results with.

Figure 29: The evolution of the FWHMG of a FCVA deposited ta-C by Ferrari. The thermal stability is
clearly visible until 1100◦ C, where the FWHMG drops sharply. Indicates a structural change from sp3
sites to sp2 sites at this temperature. Verified with Electron Energy Loss Spectroscopy (EELS). [37]
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6

Conclusions

The goal of this thesis was to develop a method for determining the sp2 /sp3 fraction of DLC
thin films. A quantitative method could not be determined as the feature in the Raman spectra
stemming from sp3 bond vibrations (T peak) was not visible for the investigated samples. This
is attributed to the small VDOS cross-section of sp3 sites for low density DLCs and a resonant
enhancement of sp2 sites.
Instead a qualitative method was developed, which can be used for comparison of DLC thin
films and give a rough estimation of the sp3 content. The analysis of the Raman spectra peak
parameters of the investigated samples indicates that the FWHMG is the most reliable candidate
for indirect determination of sp3 content. This is supported by density measurements done in
this work and by Robertson [9] from which a possible decaying exponential relationship between
the FWHMG and sp3 content can be seen.
The process parameters that yielded the highest amount of sp3 bonded carbon atoms was Ne
plasma with 200V substrate bias. A clear trend is obtained for the Ne samples, peaking at 200V
substrate bias. The sp3 indication for the samples deposited with Ar plasma are less decisive,
as it does not seem like we reach the point where we have the maximal amount of subplantation
in the investigated substrate bias range.
From the measurements of density and stresses in the films, we see the same trends for
these as we do for the FWHMG when plotted against the substrate bias. When we project the
stresses and density as a function of the FWHMG it shows a decaying exponential relationship
for the density and FWHMG . A linear relationship between the film stresses and the FWHMG
is observed. This means that the FWHMG will increase as the sp3 content increases, and that
the FWHMG can be seen as a reliable probe for sp3 content.
The thermal stability for the the 200V samples with Ar and Ne plasma was determined. For
Ar plasma, the transition temperature is around 300◦ C and for Ne plasma it is around 450◦ C.
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7

Outlook

A method for approximate and relative quantification of sp3 bonding has been obtained, and it
is useful for comparing samples and rough estimates of sp3 content. The expectations were that
we would be able to use the T peak intensity for accurate quantitative determination of the sp3
content, but this is not feasible for the investigated samples. As seen in figure 9 we do not know
if we have no T peak, or if it merely is indistinguishable from the background and the tail end
of the D/G-peak cluster. Use of even lower excitation wavelength, for example 244 nm, might
reveal a distinct T peak, as this wavelength is used in several previous studies [11, 19, 28, 51].
Furthermore, it is a matter first discussed by Tuinstra and König [15] and later expanded by
Ferrari [11]. They discuss the in-plane correlation length for the hexagonal sp2 clusters, and how
it has a certain correlation to the intensity ratio, and therefore to the sp3 content. It is not that
this relationship is important for the characterization of our samples, but it raises the question
if the cluster size of sp2 and sp3 bonded atoms would be something to look at for our samples.
Note that neither Tuinstra and König or Ferrari used a HiPIMS deposition method, and few
reliable results of Raman spectroscopy on amorphous carbon films deposited with HiPIMS have
been done [61, 62], and just fairly recently.
With regards to the proper quantitative characterization of our DLC films, there seems to be
no reliable model which we can strictly follow for the films we have deposited. This also means
that the method of using the FWHMG to determine sp3 content is merely an approximate gauge
and works best if one wants to compare samples deposited by the same method to one-another.
In addition, if we look at the data for density vs. sp3 content in Robertson [9], presented in
figure 23 and compare that to the density measurements presented in figure 24 we see a possible
decaying exponential relationship between the FWHMG and sp3 content. This warrants a closer
look at the actual sp3 content of our films, preferable done by electron energy loss spectroscopy
(EELS), so that the data obtained from Raman can be correlated to the actual sp3 content in the
films. From this an empirical relationship can be determined, but it will only be viable for the
samples at hand. An effort can be made to compare this empirical relationship to previous data.
Supporting this is also the fact that almost every major study of DLC films is done on films
produced with FVCA or standard MS methods which differ from the HiPIMS deposited films.
Whether this plays an important role is hard to say, as the formation mechanism, subplantation,
is assumed to be the same for both methods. In our results, we obtain similar parameters for
the G peak, with a larger D peak compared to other studies. As the D and G peaks parameters
both change with changes in the film structure, it could be inferred that the HiPIMS films are
different as compared to the FVCA and MS films. From the 3-stage model [11], in combination
with the Tuinstra-König [15] relationship, there is an indication that the clustering of the sp2
sites is different for the HiPIMS films.
Lastly, I believe that the data found so far serves as a decent indicator of the diamond-likeness
of the deposited films, but further investigation is required for seeking further correlation to an
existing quantitative model.
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Appendix

Deposition parameters
Film composition
Sample ID
C05
C17
C08
C09
C18
C07

Deposition conditions
Ar, Ufl
Ar, 200V
Ar, 300V
Ne, Ufl
Ne, 200V
Ne, 300V

C
93
88
91
83
89
94

H
0,4
10
6
15
6
0,5

O
3,5
0,7
0,7
1,2
2,3
1,3

Si
3
0
0,2
0,1
0
0,3

Ne

Ar
1
2

2
3

Table 7: Sample compositions of select samples. Measured with ERDA by Lukas Jablonka at the department of Solid State Electronics at Uppsala University.

Raman peak parameters

Sample ID
C05
C04
C17
C08
C09
C06
C18
C07

Pos
1595
1591
1592
1592
1593
1597
1601
1601

G peak
I
FWHM
2181
155
1199
160
1157
172
786
186
2024
156
741
207
1100
235
780
214

Q
-9,32
-8,08
-6,86
-6,05
-8,14
-6,86
-7,07
-5,84

Pos
1380
1396
1397
1423
1382
1429
1398
1441

D peak
I
FWHM
993
339
722
403
743
398
607
461
1055
342
433
556
339
534
421
548

ID /IG
0,455296
0,602168
0,642178
0,772265
0,521245
0,584345
0,308182
0,539744

Table 8: Peak parameters obtained from UV Raman spectroscopy, 325 nm excitation wavelength. Peak
position (pos) and full width at half maximum (FWHM) is in cm−1 . Peak intensity (I) is in counts
(arbitrary unit). Asymmetry factor (Q) and intensity ratio (ID /IG ) has no units.

Sample ID
C05
C04
C17
C08
C09
C06
C18
C07

Pos
1575
1577
1581
1580
1579
1578
1575
1577

G peak
I
FWHM
14965
187
9613
194
4631
187
6471
211
10129
181
8119
224
7780
266
6797
251

Q
-5,77
-4,75
-4,27
-3,81
-5,46
-4,48
-5,1
-4,41

Pos
1378
1387
1408
1425
1385
1439
1442
1450

D peak
I
FWHM
9457
374
7800
413
4984
458
5975
473
8233
403
5281
433
2188
428
3311
450

ID /IG
0,631941
0,811401
1,076225
0,92335
0,812815
0,65045
0,281234
0,487127

Table 9: Peak parameters obtained from visible Raman spectroscopy, 532 nm excitation wavelength.
Peak position (pos) and full width at half maximum (FWHM) is in cm−1 . Peak intensity (I) is in counts
(arbitrary unit). Asymmetry factor (Q) and intensity ratio (ID /IG ) has no units.
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