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Abstract 

This study evaluates the use of a combination of Raman spectroscopy and optical profilometry as a 

surface characterisation technique for the examination of oxide layers grown on titanium metal 

substrates. The titanium oxide layers with thickness of up to 8 µm, were obtained using a low-pressure 

oxygen microwave plasma treatment of the titanium metal substrate. The effect of the microwave 

plasma processing conditions (input power, pressure and treatment time) on the Raman bandwidth, 

intensity and peak position was evaluated. Also, the effect of these processing conditions on the surface 

roughness parameters (Sa, Sdq, Ssk and Sku) of the oxide layers was investigated. Analysis of the peak 

positions of Eg and A1g modes indicated that the effects of input power and chamber pressure was to 

induce a shift towards the lower frequency with increasing input power and pressure (1-2 kPa). The 

intensity of the Raman bands was found to be dependent on the morphology and surface chemistry of 

the oxide layer. The intensity of Raman band (A1g), was found to be particularly influenced by the 

average surface roughness (Sa) and the crystallite size. Exponential and polynomial relations were found 

to correlate with these properties.  A two-latent variable Partial Least Squares Regression model 

developed on Raman spectral data could predict surface roughness with a coefficient of determination 

(R2) of approx. 0.87 when applied to the testing of an independent set of titanium oxide test coatings.  

Keywords: Titanium Oxidation; Raman Spectroscopy; Surface Roughness Parameters; Raman Intensity; 

Microwave Plasma; Raman Mapping. 
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1. Introduction 

Raman spectroscopy has been found to be a sensitive characterisation technique for the investigation of 

complex transition-metal oxides structures, such as those present at either the bulk phase or at a 

surface [1]. The Raman technique is sensitive to metal-oxide vibrations, which are related to the metal - 

oxygen bond length as well as its structural environment [1]. This paper investigates the sensitivity of 

Raman Spectroscopy to changes in the physical features of oxide layers grown on titanium. These oxides 

are used in applications such as energy capture, medical devices and as catalytic surfaces [2–5].  

Titanium dioxide (TiO2) phases are usually Raman active in the 100 - 900 cm-1 region [6–8]. The oxide can 

exist in three main polymorphs: anatase and rutile, which exhibit tetragonal crystal structure and belong 

to the space group 𝐷4ℎ
19   and 𝐷4ℎ

14, respectively. Brookite (orthorhombic), the third polymorph has a 

lower symmetry than the previous two and belongs to the space group 𝐷2ℎ
15 [9–11]. For brookite, factor 

group analysis indicates the existence of 69 optical modes with the following irreducible representation 

of normal vibrations: 9A1g + 9B1g + 9B2g + 9B3g + 9A1u + 8B1u + 8B2u + 8B3u [12]. 36 of the predicted modes 

represented by A1g, B1g, B2g and B3g are active in Raman whereas the rest are active in infrared except for 

the A1u mode which is inactive in both Raman and infrared [12]. For anatase, there exists 15 optical 

modes with the normal vibrations: 1A1g + 1A2u + 2B1g + 1B2u + 3Eg + 2Eu [13]. Six of the modes 

represented by 1A1g, 2B1g, 3Eg symmetries are Raman active [7]. In rutile, the two TiO2 units in the unit 

cell implies 15 vibrational modes. These modes belong to the following irreducible representations [7,8]: 

1A1g + 1A2g + 1A2u + 1B1g + 1B2g + 2B1u + 1Eg + 3Eu.  Rutile has four Raman active modes with symmetries: 

B1g, Eg, A1g and B2g [7].   Several authors have investigated the Raman vibration modes of anatase and 

rutile TiO2 [8,14–22]. It has been reported that molecular bonds make different contributions to the 

Raman-active modes (by influencing the intensity of the Raman modes), depending on the crystal planes 

present [8,14,22]. The Eg, B1g and the A1g Raman modes are mainly associated with the symmetric 

stretching vibration, the symmetric bending vibration and the anti-symmetric bending vibration of O-Ti-

O, respectively [14,18]. The intensities of these Raman vibration modes are dependent on the oxide’s 

crystallinity, which can be altered during oxide formation due to furnace treatment parameters such as 

pressure and temperature [8,14]. For example, the vibrational modes (A1g and Eg) of rutile TiO2, have 

been shown to exhibit systematic Raman shifts, broadening and intensity reductions as the crystallite 

size decreased; effects attributed to a three-dimensional phonon confinement [17]. Li Bassi et al. [21] 

observed a correlation between Raman peak at 144 cm-1 (Eg mode) shift and crystal size of anatase TiO2 

nanoparticles (< 40 nm). The observed Raman shift to lower wavenumber with increasing crystal size 



(particularly for sizes less than 10 nm) was interpreted based on a phonon quantum confinement model. 

Yan et al. [14] observed that the ratios between different Raman vibrational modes (A1g/Eg and B1g/Eg in 

anatase and A1g/Eg in rutile) were approximately the same. However, for a mixed phase structure, the 

ratio of the integrated Raman peak intensity of rutile peak at 446 cm-1 (Eg) to that of anatase at 396 cm-1 

(B1g) has been suggested to yield a semi-quantitative measure of the weight ratio of rutile to anatase 

[23,24].  

In this study TiO2 is grown by controllably oxidising the pure titanium metal using an oxygen plasma 

treatment. In previous studies the use of both physical and chemical treatments has been investigated 

for this oxidation [25–31]. The physical methods include the use of thermal treatment, thermal spraying, 

physical vapour deposition and ion implantation techniques, while the chemical oxidation methods 

include the use of sol–gel treatment, electrochemical treatments (anodic oxidation) and chemical 

vapour deposition (CVD) [2]. For example, Zwilling et al. [32,33] obtained oxide-layers with structure and 

morphology either compact and thin (less than 20 nm), or porous and thick (more than 50 nm 

depending on the electrolyte used) using electrochemical treatments.  In addition to conventional 

chemical treatments, there have also been a number of reports on the use of plasma treatments for the 

oxidation of titanium [34–36]. Plasmas have the advantage of speed of oxidation, with treatment times 

reduced from hours in conventional chemical treatments to seconds or minutes. For example, exposure 

to a DC plasma yielded titanium oxide layer thicknesses of 30 nm, after 5 minutes’ treatment [34]. 

Microwave plasma discharges are usually more effective than DC plasmas, because of the higher density 

of atomic oxygen that can be generated using this type of discharge; and they can be operated in a wide 

gas pressure range [36].  

This study investigates how Raman spectra are influenced by the physical and surface chemistry of 

titanium oxide layers, obtained using low-pressure microwave plasma oxidation treatments under three 

process conditions (input power, pressure and treatment time).  Of particular interest is to investigate 

how the grown oxide surface roughness parameters (Sa, Sdq, Ssk & Sku), oxygen concentration and 

crystallite size influence the intensity of the associated Raman band. 

 

2. Materials and Methods 
 
A microwave Circumferential Antenna Plasma (CAP) reactor operating at 2.45 GHz was used for the 

plasma oxidation treatment of titanium substrates. The CAP system is described in detail elsewhere [37]. 

Commercially pure (CP) titanium blocks (250 mm x 150 mm x 8 mm) were faced and cut into discs 



(diameter 25 mm and thickness 5 mm), using a Hurco VM3 CNC mill system. These discs were ground 

and polished to a mirror finish using silicon carbide abrasive paper (240, 320, 600 and 800), diamond 

suspension (6 and 3 µm) and colloidal silica. They were subsequently cleaned in an ultrasonic bath using 

methanol and deionised water; then blow-dried with air prior to plasma treatment. The microwave 

plasma process involved a five-minute pump down to a base pressure of 8 Pa, before the introduction of 

oxygen into the chamber. The pressure was allowed to rise to 0.6 kPa, before igniting the microwave 

discharge. The titanium disc was mounted in the plasma using a molybdenum metal holder, which in-

turn was supported on a quartz rod. The processing conditions were systematically altered with input 

powers in the range 0.9 to 2.1 kW, operating pressures between 1.0 and 5.0 kPa and treatment time 

between 5 and 25 minutes.  Single test coupons were evaluated under each processing condition. The 

oxygen gas (99.9%) flow rate was maintained at 100 sccm for all treatments.  After each treatment, the 

sample was left in oxygen and vacuum atmosphere for 3 and 2 minutes, respectively, before chamber 

ventilation. 

Temperature measurements were carried out using a LASCON QP003 and LPC03 ratio pyrometers from 

Dr. Mergenthaler GmbH & Co. KG.  The temperature generated on the titanium substrate by the 

discharge was found to be in the range 716 to 910°C, depending on the plasma processing conditions 

used.  

The morphology of the resulting titanium oxide-layer samples was characterised using a FEI Quanta 3D 

FEG DualBeam scanning electron microscope (SEM) and cross-section analysis of the oxide layer 

thickness obtained using a focused ion beam (FIB). Energy-dispersive X-ray spectroscopy (EDX) operating 

at 15 kV was used to obtain elemental data at five different points on each sample. For EDX 

measurement validation, two different EDX systems (20 mm² Oxford Inca and 30 mm2 Oxford AZtecOne 

EDX detectors) were used to obtain the elemental information. Similar results were obtained from these 

systems. Surface roughness measurements were obtained using both a Bruker’s NT1100 and NPFLEX 3D 

optical profilometers in vertical scanning interferometry (VSI) mode. The titanium test substrates were 

found to have a roughness (Sa) of 0.01µm.  

The phase composition and crystallinity were determined using Siemens D500 XRD system and an inVia 

Micro-Raman confocal spectroscopy system (Renishaw, Wotton-under-Edge, Gloucestershire, UK).  The 

XRD system operated at 40 kV and 30 mA at a wavelength of 0.1541 nm (CuKα radiation). The scan 

wavelength for this system was in 2θ mode with a scanning range from 20° to 80° with steps of 0.02° per 

second. The average crystallite size of the samples treated with various input power, pressure and time 

was estimated from the most intense (110) XRD peak using the Scherrer equation [38,39]: τ = (kλ)/ (β 



cos θ), where τ is the crystallite size, k is the shape factor with a value of 0.9 (assuming spherical 

crystallites), λ is the X-ray wavelength, β is the line broadening described by the full width at half-

maximum (FWHM) peak height in radians (where βStructural = βObserved – βStandard), and θ is half of the Bragg 

angle (in radians). Lanthanum hexaboride (LaB6) was used as the standard for instrument broadening.   

Raman scattering was recorded using a laser of wavelength 532 nm with a maximum laser power of 2.25 

W. A 10x 0.25NA objective lens was used to focus the laser beam on the sample surface for an exposure 

time of 10 seconds each time. Spectra were calibrated to a silicon shift at 520 cm-1. The detector used 

was a NIR enhanced Deep Depletion CCD array (1024 × 256 pixels) which was Peltier cooled to -70°C. A 

1800 lines/mm grating was used for all the Raman scans. Point spectra were obtained using the 

“Extended” scan option in this system, resulting in spectra in the Raman shift range of 22 - 1806 cm-1 

measured over 1015 spectral data points with an average spectral step size of 1.75 cm-1. Baseline 

correction and curve fitting of the Raman spectra was carried out using WiRE StreamLineHR image 

acquisition software and MATLAB. Raman maps were acquired using the same system in “static mode” 

at 100% power, which resulted in a slightly different spectral range of 90 - 1860 cm-1 with a mean 

spectral size of 1.75 cm-1 over 1015 measured spectral bands. An area corresponding to 4x4 mm at the 

centre of sample 3 was mapped. Spectra were acquired at steps of 50 μm in the X and Y mapping 

directions. The exposure time per pixel was 1s, and the total acquisition time was approximately 100 

minutes.  

2.1 Partial least squares regression 

Non-Linear Iterative Partial Least Squares (NIPALS) regression [40] was used in order to predict 

measured surface roughness from the Raman spectra. The model was trained and calibrated using 

Raman spectra from five samples and then tested on an independent validation set of spectra from five 

separate TiO2 coatings.  The trained PLS regression vector was applied to the full NIR images and 

compared with the k-means results. In order to remove the baseline effects, a second derivative Savitsky 

Golay pretreatment was applied to the Raman spectra. 

Prior to model development the point spectra and mapping data were trimmed to the Raman shift 

range 100 - 1086 cm-1 and the mapping data were interpolated to match the exact Raman shifts of the 

point spectra. In addition, differences in Raman peak intensity due to the use of the “extended” scan 

mode in the spectral acquisition and “static” scan mode in the map acquisition were removed by scaling 

the Raman map data to the ratio of mean Raman spectra of static and extended modes at 506 cm-1. 



 

3. Results and Discussion 

In this work, the influence of microwave plasma processing conditions of input power, chamber 

pressure and treatment time on the roughness and Raman spectra of the oxide layer obtained were 

systematically investigated. The input power processing condition was investigated in the range of 0.9 to 

2.1 kW at a pressure and treatment time of 4.6 kPa and 10 minutes, respectively. A pressure in the 

range of 1 to 5 kPa was investigated at a constant input power and treatment time of 1.2 kW and 10 

minutes, respectively. Finally, the influence of treatment time was investigated in the range of 5 to 25 

minutes at constant input power and pressure of 1.2 kW and 4.6 kPa, respectively. 

As shown in Figure 1 the oxygen microwave plasma oxidised metal exhibits a highly porous morphology 

both at the surface and in the bulk of the oxide. Examination of the oxide layer revealed that it was 

composed of a less porous structure in the lower region and a columnar porous structure in the upper 

region. The morphology was mostly influenced by high input power and pressure. For instance, at an 

input power and pressure of 0.9 kW and 1 kPa, respectively, the oxide films were relatively compact. 

This morphology is different from what would be obtained in a conventional furnace treatment in that it 

exhibited a relatively rough structure, with large grains. This is in contrast to that reported for furnace 

oxidation treatments of titanium, where the more slowly grown oxide exhibits a much denser 

morphology, with little or no porosity [36]. A possible explanation is that the first stage of the oxidation 

process involves the adsorption of oxygen on the titanium surface as a function of the available oxygen 

species [41]. Compared to air furnace treatment, microwave plasma oxidation is more effective because 

of the higher density of oxygen species that can be generated. Associated with this level of oxygen 

species is the high rate of bombardment of the growing film by oxygen species obtainable. It has been 

reported previously that the energy impacted to the substrate by the plasma electrons/photons leads to 

the excitation and mass transport of metal ions towards the surface [42]. It is also reported that there is 

a build-up of electrons at the metal surface such that a negative potential is raised, and thus, this 

attracts positive ions to the surface to form neutrals [43]. These oxygen neutrals can react with Ti ions to 

form oxide nuclei. Depending on the input power and pressure used during treatment, the number 

density of oxygen atoms in the plasma lead to either the creation of high or low number of nucleation 

sites [44]. It is likely that the nucleation density controls both the roughness and the porosity of the 

titanium-oxide layer formed on the titanium substrate by inducing a Volmer-Weber type of growth 

mode [45] in which the oxide nuclei grow as islands until coalescence occurs. At low input power and 

pressure, a dense oxide structure which reduces the diffusion of the Tin+ ions through the growing oxide 



layer to the oxide-plasma interface is obtained. However, with increasing input power and pressure, a 

change in the oxide structure; as evidenced by the dominant vertical growth of the grains at the top 

regions of the oxide, is observed. It can be observed that as the thickness of the oxide layer increased, 

there appeared to be a critical thickness (influenced by porosity level) above which a more porous 

structure is observed (Fig. 1). The difference in the grain structure of the bulk and top regions of the 

oxide layer may have become necessary due to the dense nature of the bulk oxide. It has been reported 

by other researchers who used microwave plasma system to grow diamonds that it is possible that not 

all the grains which were formed during nucleation survived to reach the surface due to a van der Drift 

type of competition [44]. Only the grains which grew perpendicular to the substrate surface would 

survive. Others would be buried during the growth process further limiting diffusion. This would account 

for the differences in the oxide layer structure observed during microwave oxygen plasma oxidation. A 

typical schematic mechanism on how the oxygen microwave plasma process induced high porosity in 

the oxide film is given in Fig. 2. Another observable feature of the microwave plasma obtained oxide is 

the presence of well-defined crystal facets. The thickness of the oxide layer shown in Fig. 1 is about 10 

µm. This thick oxide was grown in 10 minutes using an input power and chamber pressure of 2.1 kW and 

4.6 kPa, respectively. 

 

 

Figure 1: SEM images of a typical morphology and thickness of oxide grown in an oxygen microwave 

plasma. The thickness and growth temperature of the oxide layer were 9.89 µm and 910 ᵒC, 

respectively.  
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Figure 2: A typical schematic mechanism on how oxygen microwave plasma processing conditions 

induce porosity in the oxide film. 
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3.1 Effect of Microwave Plasma Processing Conditions on the Phase Composition, Raman Peak 

Position and Linewidth of Oxide Layers 
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Figure 3: Raman spectra of samples treated at: (a) input power of 0.9 – 2.1 kW; (b) pressure of 1.0 to 5.0 

kPa; (c) treatment times of 5 to 25 minutes.  
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Figure 3 shows the Raman spectra of TiO2 layer grown with the various microwave plasma processing 

conditions discussed in section 3.  The thickness of the oxides grown at the various processing 

conditions is also shown. As can be observed, the thickness generally increased with increased input 

power and pressure. The thickness of the oxide layers increased for treatment times of 10 to 20 

minutes. Above 20 minutes treatment period, a reduction in thickness was observed. This reduction in 

thickness may indicate “oxide thickness saturation” [36].   It has been reported that rutile crystal exhibits 

dominant peaks at 446.6 and 609.8 cm-1 [36] (This is supported by the XRD results of Fig. 4 which 

confirms that the oxide phase was mostly that of rutile). These Raman peaks have been assigned to two 

of the four Raman active modes of rutile single crystal (Eg and A1g respectively). The intense Eg peak 

supports the increasing crystallinity of the samples as the treatment conditions are altered. The sharp 

low-frequency line at 143.2 cm-1 and the weak high-frequency line at 800.27 cm-1 are assigned to the 

remaining of the four active modes (B1g and B2g respectively). The peak at 800.27 cm-1 is the weakest and 

can only be observed on some sample profiles. The peak became more pronounced with increase in 

input power from 0.9 to 2.1 kW and treatment pressure from 1.0 to 5.0 kPa (Fig. 3 (a) and (b), 

respectively. There was no significant change observed in the intensity of this peak for samples 

processed in the range of 5 to 25 minutes plasma treatment time. The broad peak at 232.4 cm-1 may be 

attributed to either disorder induced scattering or second-order effect [46], which is a result of multi-

phonon processes. It was noted that this peak became more intense for the oxide layers deposited at 

higher input power and chamber pressures. This effect, however, was not found to correlate as strongly 

with changes in plasma treatment time (Fig. 3 (c)). For samples grown using input power in the range of 

0.9 – 2.1 kW, there was a 1-fold increase and decrease in the linewidth of Eg and A1g bands, respectively, 

with increasing input power. For samples processed in the range of 5 to 25 minutes, both Eg and A1g 

band linewidths decreased by 1-fold. A typical example of the effect of processing conditions on the Eg 

and A1g band widths is given in Fig. 5 and shows the influence of pressure on the band widths. In this 

case, the linewidths decreased and increased for Eg and A1g bands, respectively, as the pressure changed 

from 1 kPa to 2 kPa.  It has been suggested that peak broadening occurs due to nanocrystallinity and 

phonon confinement effects, and that there was a characteristic dependency between grain size and 

peak position and broadening in Raman analysis [47–49]. Analysis of the peak positions of Eg and A1g 

modes indicates that the effects of input power and chamber pressure was to induce a shift towards the 

lower frequency with increasing input power and pressure (1-2 kPa) (Figs. 6 & S1). However, as the 

pressure increased to the range of 3 to 5 kPa, there was no significant redshift observed (Fig. S1). 

Samples processed for 5 to 15 minutes induced a slight shift towards the higher frequency for the Eg 



band; whereas for the A1g band, there was no significant effect on the Raman peak positions. For 

samples processed using more than 15 minutes, both the Eg and A1g bands exhibited a redshift (Fig. S2). 

The spectra obtained from titania coatings from this work are also compared to previous results in Table 

1 [9–11,36]. As shown in Table 1, there is good agreement with examples of previous reports in the 

literature. 

Figure 4: XRD diffraction patterns obtained for untreated and plasma oxidised titanium using microwave 

plasma pressure of 1 kPa – 5 kPa. The peaks indicate a Rutile phase of TiO2.  

 

 

 

 

 

 

15 25 35 45 55 65 75 85

In
te

n
si

ty
 (

a.
u
.)

2Ѳ (Degree)

(110)

(101)

(2
0

0
)

(1
1

1
)

(202)

(310)
(211)

(002) (311)(210)

(112)

(220) (301)

T
re

a
te

d
 T

it
a

n
iu

m

Untreated Titanium

1.0 kPa

5.0 kPa

4.0 kPa

3.0 kPa

2.0 kPa

  



 

Figure 5: Influence of pressure on the linewidth of the Eg (447 cm-1) and A1g (610 cm-1) bands. 

 

Figure 6: Effect of input power on the position of the peaks for the Eg (447 cm-1) and A1g (610 cm-1) 

Raman bands. 
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Table 1: Comparison of the Rutile band obtained in this study with works from other researchers. 

This Study & Ekoi et al. [36] Ma et al. [9] Arsov et al. [10] Assigned Mode [11] 

143.2 ± 0.3 140.2 143 B
1g

 

232.4 ± 0.9 235.5 236 Multi-phonon process 

446.6 ± 0.3 445.8 447 E
g
 

609.8 ± 0.4 609.8 612 A
1g

 

- 825.5 826 B
2g

 

 

In order to investigate further the structure, phase composition and transformation in the oxides as a 

function of processing conditions, XRD profiles of the region enclosed in rectangle in Fig. 4 is presented 

in Fig. 7 and depicts the influence of pressure on the oxide phase composition and transformation. The 

observed peaks in the diffraction profile between 37 and 41° (using JCPDS-ICDD card numbers 10–63, 

11–217, 11-218, 11–474, 18–1401, 18-1402, 18-1403, 18-1404, 21-1272, 21-1276, 23-606 and 40-806) 

suggest the presence of phases different from rutile. The presence of Ti2O, Ti3O5 and some members of 

the homologous series TinO2n-1 (where n is a number between 4 and 10) [50] phases was observed. 

Phase transformation could be observed with increasing chamber pressure (2 – 5 kPa). The double peak 

structures observed between 37 and 41° for samples treated at a pressure of 1.0 kPa in Fig. 7 represent 

mixed phases of titanium metal, Ti-O solid solution and other phases which with Rutile, Ti2O, Ti3O5 and 

some members of the homologous series TinO2n-1 becoming the dominant phase with increasing 

pressure in this region.  These phases would influence the level of conductivity and semiconductor-to-

metal transitions  in the oxide layers [50,51]. Similar results were obtained when input power and 

treatment time were varied while other parameters remained constant, however, mixed phases of 

titanium metal and Ti-O solid solution were absent at the lowest treatment conditions (See Figs. S3 & 

S4). It can be observed that in all the samples treated, the peaks representing the mixed phases 

decreased with increasing input power, pressure and time indicating a transition in phase from a mixed 

phase to that of purely rutile phase structure (Figs. 4, S3 & S4). The implication of the phase transition as 

a function of process conditions is a transition from a defect structure dominated by the Magnéli phases 

to one mostly containing point defects such as oxygen vacancies and titanium interstitials [52–54]. The 

presence of oxygen vacancies at the oxide surface would influence the adsorption of molecules [54]. 

 

 



 

Figure 7: Region in the XRD profile of Fig. 4 showing the oxide phase transformation with the increase in 

pressure from 1 kPa during plasma oxidation treatments. 

 

3.2 Influence of Processing Conditions on the Oxygen Concentration and Intensity of the A1g Raman 

Band 

Figure 8 shows a typical morphology of oxide layers grown at various microwave plasma processing 

conditions. As can be seen, grain size and porosity progressively changed with increased input power 

and pressure. The change in the oxide structure may be related to the oxygen concentration in the 

growing oxide layer as a function of microwave plasma processing conditions. A typical example of the 

influence of pressure on the oxygen concentration (determined using EDX analysis) and the Raman 

spectra intensity of the A1g band is shown in Fig. 9. It must be noted that although two different EDX 

measurement systems were used to characterise, verify and validate measured oxygen concentration in 

these oxides, the O/Ti ratio was in the range of (1.92 ± 0.04 to 2.22 ± 0.05), (2.30 ± 0.03 to 2.18 ± 0.06) 

and (2.33 ± 0.03 to 2.37 ± 0.04), respectively, for pressure, input power and treatment time processing 

conditions. A Possible reason could be the presence  of excess oxygen in the oxide structure which 

would result in the formation of interstitial oxygen [55,56].  This could be observed in Fig. 9 where at a 

pressure of 1 kPa, the O/Ti ratio was about 1.92, however, above this pressure, the ratio was 2.23.  The 

explanation is that at higher oxygen pressure, there are more oxygen species bombarding the film; and 

more oxygen condensed onto the oxide film when the microwave plasma source was turned off after 

treatment [55,56]. The effect is the formation of interstitial oxygen which could have combined with the 

lattice oxygen to form either a substitutional or interstitial O2 [56–58]. This would result in either oxide 
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crystal lattice strain due to the slight outward movement of the neighbouring Ti atoms or oxygen 

vacancy defects [55–57]. The observed Raman intensity trend as a function of pressure may be related 

to the number of Ti-O molecules available for excitation during Raman scan as discussed above. Similar 

results were obtained for samples investigated using input power and treatment time conditions (Figs. 

S5 & S6).  

  

 

Figure 8: Typical SEM images of oxidised layers demonstrating the influence of increased input power 

and chamber pressure on oxide morphology and pore structure: (A) 1.2 kW; (B) 2.1 kW; at a fixed 

pressure of 4.6 kPa, (C) 2.0 kPa; (D) 5.0 kPa at a fixed input power of 1.2 kW.  
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Figure 9: Effect of processing pressure on the oxygen concentration (At % weight) and the intensity of 

the A1g Raman band.  

 

3.3 Influence of Crystallite Size on Raman Peak Position and Intensity 

The crystallite size of the oxides was estimated from the XRD profile of the samples, using the Scherrer’s 

equation. The 110 XRD peak of TiO2 was used for this estimation. The estimated crystallite sizes 

obtained were plotted against the Raman intensity of the A1g band. The result is presented in Fig. 10. 

There appears to be a correlation between the crystallite size and the intensity of the Raman spectra 

obtained. This plot was carried out without consideration of the microwave plasma treatment 

conditions used to obtain the oxides. It was observed that the Raman peak positions of A1g and Eg bands 

exhibited a strong correlation with the oxide crystallite size as demonstrated in Figure 11. The peak 

positions tend to shift towards lower wavenumbers with increasing crystallite size. A similar correlation 

between Raman peak at 144 cm-1 (Eg mode) shift and crystal size was observed by Li Bassi et al. [21] for 

anatase TiO2 nanoparticles (< 40 nm) and interpreted based on a phonon quantum confinement model. 

The red shift of the Eg rutile mode has been reported to be a result of the nonstoichiometric effects for 

TiO2 nanophase [59] although other authors have disagreed with this correlation [20]. It is important to 

note that in the present work, that the estimated grain size of 76 to 315 nm was larger than the sizes 

reported by these two groups which on average was not larger than 12 nm [20,59]. Thus, factors which 

influence the Raman shift and intensity are the grain size range, the grain size of the oxide, along with 

the roughness.  
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Figure 10: Plot of Raman absolute intensity against the estimated crystallite size of the treated samples.   

 

 

Figure 11: Correlation between the positions of the rutile A1g (filled black circles) and Eg (open circles) 

peaks and TiO2 crystallite size. 
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3.4 Influence of microwave processing conditions on the roughness parameters and Pore Structure of 

oxide layers 

The evaluation of surface roughness is important in applications related to friction, contact deformation, 

heat and electric conduction, contact joints, positional accuracy [60] as well as surface enhanced 

scattering [61,62]. The average surface roughness (Sa) is the most commonly used roughness parameter 

and provides a very good overall height variation, although its lack of sensitivity to small changes in 

profile and wavelength information has been reported [60,63]. The skewness parameter Ssk is sensitive 

to occasional deep valleys or high peaks. A skewness value of zero implies a symmetrical height 

distribution, whereas positive skewness describes a surface with filled valleys or high peaks. A negative 

skewness represents a surface with lack of peaks. Kurtosis parameter Sku describes the probability 

density sharpness of the profile and represents the peakedness degree of a surface height distribution. 

An Sku value of < 3 implies that the surface has mostly few high peaks and low valleys while a value > 3 

implies a surface with many high peaks and low valleys [60].  

The influence of microwave plasma processing conditions on the commonly used 3D roughness 

parameters of the oxide layers are presented. The effect of input power on the amplitude (Average 

surface roughness Sa, Skewness Ssk; and Kurtosis Sku) and hybrid (Root-Mean-Square Surface Slope Sdq) 

parameters is shown in Fig. 12. It can be observed that as the input power increased during processing, 

the average surface roughness amplitude (Sa) and hybrid (Sdq) parameters increased (Fig. 12 (A)). Similar 

trends were obtained for processing conditions of pressure and time except for the Sdq values obtained 

during treatment time which did not show any change. These results are presented in the 

supplementary material (Fig. S7). In order to understand the influence of microwave plasma input 

power on the oxide surface evolution, the values of Ssk and Sku is presented for samples processed in the 

range of 0.9-2.1 kW at a pressure and time of 4.6 kpa and 10 minutes, respectively (Fig. 12 (B)). By 

considering the skewness parameter Ssk, it can be observed a change in morphology consistent with a 

transformation from a combination effect (where the surfaces were composed of a combination of 

small and large pores; and low and high peaks) found in the sample processed at 0.9 kW to one whose 

surfaces indicated positive skewness. The positive skewness indicates that the morphology of the 

samples processed in the range 1.5 – 2.1 kW consisted of mostly high peaks and large pore structure. 

The value of the kurtosis parameter Sku were all above 3 for all samples treated in the range of 0.9 - 2.1 

kW indicating that the oxide surfaces contained mostly high peaks and low valleys. Similar results were 

obtained for samples processed at 5 to 25 minutes using an input power and pressure of 1.2 kW and 4.6 



kPa, respectively (see Figs. S8 & S9). For the samples treated using a pressure in the range of 1 - 5 kPa at 

1.2 kW over a treatment period of 10 minutes; the skewness transitioned from a negative to positive 

value at a pressure range of 1 - 2 kPa. This gradually changed back to a negative skewness value with 

increasing treatment pressure indicating that the chamber pressure was the dominant factor influencing 

the growth rate of the oxide layer (Fig. 13). The kurtosis values indicate that the surface of the samples 

processed at low pressure (1 - 2 kPa) contained higher percentage of sharp peaks than the ones 

processed at higher pressures. Another useful indication is that low pressure treatments resulted in 

surfaces with a high morphological variation compared to the oxide surfaces obtained at higher pressure 

where a relatively homogeneous morphology was obtained (Fig. S10). The discussed effect of the 

morphological variation in the samples treated using various processing conditions can be observed on 

the level of intensity of the Raman spectra (Fig. 3) as the processing conditions are altered. This will be 

discussed further in subsequent sections. 
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Figure 12: Effect of microwave plasma input power on the roughness parameters (Sa, Sdq, Ssk and Sku) of 

the oxide layer. 

 

Figure 13: Influence of treatment pressure on the roughness parameters (Ssk & Sku) of oxide layer 

samples processed in the range of 1 – 5 kPa.  

 

3.5 Influence of Roughness Parameter (Sa) on Raman Intensity 

It can be observed in Figs. 3 & 5 that the peak intensities and line width are clearly influenced by the 

microwave plasma process conditions. Also, the surface roughness parameters showed a correlation 

with the processing conditions as discussed in section 3.4. The dispersion of the measured intensity as a 
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function of the focusing point on the surface and the reproducibility of the measured values was 

considered by carrying out scans at five different regions on a sample (three measurements at each 

region) and then averaging the results. Thus, the change in intensity (as process conditions change) may 

be due to change in surface roughness and related open pore morphology of the oxide samples 

[61,62,64,65]. It has been reported that the physical structure of some surfaces can be related to the 

intensity of Raman scattering; and this phenomenon is currently applied in the detection of molecules 

by Surface Enhanced Raman Scattering (SERS) method [66–72]. The SERS enhancements generally 

depend on the features of the substrates, such as surface morphology, size, surface roughness and 

porosity [61]. In this study, the A1g band was used to study the effect of average surface roughness (Sa) 

on the intensity of the Raman spectra obtained for the treated samples. The reason for the use of the 

average surface roughness (Sa) as the representative roughness parameter lies in the fact that it the 

most commonly used roughness parameter in literature and it is easily comprehensive. The dependence 

of the Raman peak intensity on the average surface roughness (Sa) is shown in Fig. 14. There is a clear 

correlation between the Raman peak intensity and the average surface roughness (Sa). A plot of Raman 

peak intensity (both absolute and baseline corrected intensities) against average surface roughness (Sa) 

of the 10 oxide samples investigated was found to be independent of treatment conditions (Fig. 14). It is 

unclear the mechanism(s) of the correlation observed between Raman intensity and roughness of the 

oxide layers, however, reports have shown that enhanced Raman scattering in semiconductor 

nanostructures may be attributed to contributions from a number of resonance effects, namely, surface 

plasmon, exciton, charge-transfer and molecular resonances [69,71,73]. 

 

 

 

 



Figure 14: The relationship between average surface roughness (Sa) and Raman intensity of the A1g band 

independent of microwave plasma treatment conditions. 

 

In order to further investigate the correlation between average surface roughness and Raman absolute 

intensity, titanium samples were oxidized using input powers of 1.5 kW and 1.8 kW, with three samples 

evaluated at each power. Each test sample after being examined using Raman Spectroscopy, was 

ground to reduce its roughness and then re-examined. Samples grown at 1.5 kW did not indicate any 

significant change in Raman intensity when the average surface roughness was reduced by grinding. 

However, samples grown at 1.8 kW showed a 16% increase in Raman intensity when the average 

surface roughness of the samples was reduced. Examination of roughness parameters such as the 

amplitude (other than Sa), spatial, hybrid and functional parameters, which are related to the overall 

height, frequency, combination of height and frequency, and function application of surface features, 

respectively, revealed changes in the values of these parameters after grinding. Thus, the observed 

changes in the Raman intensity of oxide layers after grinding was influenced by the change in the Sa 

values as a function of other roughness parameters. This confirms the sensitivity of Raman spectra 

intensity to roughness of oxide layer prepared by a low-pressure microwave plasma. It must be stated, 

however, that the technique of manually grinding down the oxide surface did not produce a surface 

with reproducible roughness parameter values. Thus, the above stated effect of manual grinding is 

mostly qualitative. 
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3.6 Prediction of Surface Roughness from Raman Spectra using Multivariate Partial Least Squares 

Regression (PLSR) 

3.6.1 Prediction of Surface Roughness from Point Raman Spectra  

The Raman spectra intensity of the samples used in this study was correlated to their surface roughness 

(Sa) as discussed in section 3.5. This is supported by the Raman spectra of representative samples which 

clearly show that the intensity of the main peaks increased with increasing roughness (Fig. 15). The 

second derivative pretreated spectra are shown in Fig. S11. Clearly the baseline has been removed and 

the major peaks at the Eg and A1g bands are visible as negative peaks in the second derivative spectra. In 

order to predict the roughness of the samples base on their Raman intensity, point spectra were taken 

at five regions (C, R1, R2, R3, & R5) on each sample which resulted in 50 data points. These were 

analysed and a PLS model built on half of the total number of 10 samples evaluated, then used to 

predict the roughness of the rest of the samples. As shown in Fig. 16, a two-latent variable model on raw 

data can predict roughness with a coefficient of determination (R2) of approx. 0.87 when applied to the 

independent group of oxide test samples. This compares well with a single channel prediction using only 

the 608 cm-1 band (R2 approx. 0.81). When the PLS model was constructed on second derivative spectra, 

the model performance was lower than for the models built on absolute Raman intensity, leading to a R2 

of 0.82 on the prediction set (Fig. S12). For this reason, subsequent model validation on the mapping 

data was carried out using the absolute Raman intensity [74] 

 

Figure 15: Raman spectra of typical samples showing correlation between intensity and surface 

roughness Sa.  



 

Figure 16: Multivariate PLS model to predict surface roughness.  

3.6.2 Prediction of Surface Roughness using Raman Mapping Data 

The PLSR model developed in the previous section was applied to the Raman map obtained over an area 

of 4x4 mm on a sample which was treated using an input power of 0.9 kW and at a pressure 4.6 kPa. The 

measured surface roughness of this sample based on the optical profilometry technique ranged from 

142 – 217 nm, while the mean and standard deviation of roughness predicted from the Raman map 

were 179 and 29 respectively, indicating the accuracy of the PLSR model. The distribution of the 

predicted surface roughness values over the sampled area are shown in Fig. 17, where the prediction 

map and its corresponding histogram are visualised. The prediction map enables variation in the 

Roughness over the sample surface to be visualised. Overall, the distribution of Roughness values is 

symmetric, however, a small number of pixels were predicted to have considerably large Roughness 

values, i.e.  0.19% of pixels had a predicted Roughness > 300 nm. Examination of the corresponding 

spectra revealed spectral features consistent with fluorescence, which may have been due to the 

presence of small dust particles or other organic contamination on the sample surface.  



 

Figure 17: Prediction map enables variation in the Roughness over the sample surface to be visualised 

(left hand side) and histogram of prediction map (right hand side) obtained by applying PLSR model to 

Raman area map of the TiO2 layer (area size 4x4 mm with 50 µm step size).  

4. Conclusions 

This study evaluated how the physical features of an oxide layer of titanium metal processed using 

various oxygen microwave plasma conditions (input power, treatment time and pressure) influenced the 

linewidth, peak position and intensity of the Raman bands (Eg and A1g) obtained. It was concluded that 

the intensity of the representative band (A1g) of the TiO2 was influenced by the average surface 

roughness (Sa) irrespective of processing condition and the oxide crystallite size. Based on the review of 

the effect of the physical features of the oxide layer processed using various microwave processing 

conditions such as input power, chamber pressure and time it was concluded that: 

-  The Titanium dioxide obtained using the microwave plasma treatment was mostly rutile. 

-  The presence of a low concentration of Ti2O, Ti3O5 and some members of the homologous series 

(TinO2n-1) was also observed in the oxide structure. 

- The processing conditions influenced the concentration of oxygen in the oxide layers. 

-  A 1-fold increase and decrease in the linewidth of Eg and A1g bands was observed, respectively, with 

increasing input power. For samples processed in the range of 5 to 25 minutes, both Eg and A1g band 

linewidths decreased by 1-fold. In this case of pressure, the linewidths decreased and increased for Eg 

and A1g bands, respectively, as the pressure changed from 1 kPa to 2 kPa.   



- Analysis of the peak positions of Eg and A1g modes indicated that the effects of input power and 

chamber pressure was to induce a shift towards the lower frequency with increasing input power and 

pressure (1-2 kPa). However, as the pressure increased to the range of 3 to 5 kPa, there was no 

significant redshift observed. Samples processed for 5 to 15 minutes induced a slight shift towards the 

higher frequency for the Eg band; whereas for the A1g band, there was not significant effect on the 

Raman peak positions. For samples processed using more than 15 minutes, both the Eg and A1g bands 

exhibited a redshift. 

- The crystallite size influenced the intensity and the band position of the Raman spectra.  

-  There was a correlation between the average surface roughness (Sa) of the oxides and the Raman 

intensity observed. The correlation was found to be largely independent of the microwave plasma 

processing conditions used to obtain the oxide.  

-   The relationship between surface roughness and Raman scattering was further explored by the 

development of Partial Least Square Regression model to predict surface roughness. The resulting 

model was found to facilitate accurate prediction of roughness, with a coefficient of determination (R2) 

of approx. 0.87, when applied to the independent test set. The developed model, when applied to a 

Raman map of the surface of a sample, provided information on the spatial distribution of roughness 

over the sample surface while also indicating the accuracy of the model.  
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Supplementary Data 

 

 

S1: Effect of pressure on the peak position for the Eg (447 cm-1) and A1g (610 cm-1) Raman bands. 

 

 

 

S2: Effect of treatment time on the peak position for the Eg (447 cm-1) and A1g (610 cm-1) Raman bands. 
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S3: XRD diffraction patterns obtained for untreated and plasma oxidised titanium using microwave 

plasma input power of 0.9 kW – 2.1 kW. The peaks indicate a Rutile TiO2 was the dominant phase.  
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S4: XRD diffraction patterns obtained for untreated and plasma oxidised titanium using microwave 

plasma treatment time of 1 – 5 minutes. The peaks indicate a Rutile TiO2 was the dominant phase. 

 

 

S5: Effect of input power on the oxygen concentration (At % weight) and the intensity of the A1g Raman 

band. 
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S6: Effect of treatment time on the oxygen concentration (At % weight) and the intensity of the A1g 

Raman band.  

 

 

 

 

 

S7: Influence of chamber pressure on the roughness parameters Sa and Sdq. 
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S8: Influence of treatment time on the roughness parameters Sa and Sdq. 

 

 

S9: Influence of treatment time on the roughness parameters Ssk and Sku. 
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S10: Morphology of oxide layer grown using pressure of: (A) – 1 kPa & (B) – 5 kPa. Note that an input 

power and treatment time of 1.2 kW and 10 minutes, respectively, were used during processing. 

 

 

 

S11: Raman spectra of samples showing correlation between intensity (second derivative Savitsky Golay 

pretreatment) and surface roughness Sa.  
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S12: Multivariate PLS model constructed on second derivative spectra to predict surface roughness Sa. R2 

= 0.82. 

 

 

 


