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Abstract 

Cobalt Oxides, Co3O4 and CoO, have remarkable properties for the application of 

lithium ion battery, magnetic materials and the photocatalyst. Recently, people have 

synthesized cobalt oxide nanostructures with different morphologies. Fourier-transform 

infrared spectroscopy (FTIR), Raman scattering and photoluminescence spectroscopy are 

the generally used techniques for the characterization of materials. I have carried out a 

systematic and comprehensive spectroscopic study to elucidate the phonon spectrum and 

electronic band structures Co3O4 and CoO. 

First, the FTIR spectra of Co3O4 were studied by investigating angle dependent 

transmittance and reflectance spectra of the Co3O4 film, and diffuse reflectance FTIR 

(DRFTIR) of Co3O4 powders with different sizes. The transverse optical phonons (TO) 

and the longitudinal optical phonons (LO) were evaluated, and compared with the 

calculation results. Second, the FTIR spectra of CoO were studied by the reflectance 

configuration of CoO single crystal and calculation results from the modelling and 

oscillator fitting were used to identify the LO modes in CoO. DRFTIR technique was 

used to characterize the LO in CoO powders, as well as the evolution process from CoO 

to Co3O4. X-ray diffraction (XRD) was also used to characterize cobalt oxides. Third, 

Raman spectra of CoO were studied at various temperatures from 10 K to 295 K (room 

temperature). The second-order phonon scattering in CoO Raman spectrum helps to 

better understand the LO phonons observed in the DRFTIR spectrum. The laser-induced 

heating effect was also studied for the CoO powder samples. Fourth, the 

photoluminescence spectra (PL) of Co3O4 were studied at various temperatures. The band 
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gap of Co3O4 was determined in broad spectral range using UV-Vis-IR 

spectrophotometer. The PL spectra of Co3O4 were investigated in both visible and 

infrared range. Last, the band gap of CoO was imparted using the UV-Vis-IR 

spectrophotometer. PL spectra of CoO film on Co plate and CoO single crystal were 

studied at various temperatures.  
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Chapter 1 Introduction and Background 

1.1 Introduction 

Over the past decades, cobalt oxides, cobalt (II, III) Co3O4 and cobalt (II) oxide 

(CoO), have attracted increasing attention due to the remarkable magnetic, photo- and 

electro-chemical properties. Co3O4 has been used in various applications such as lithium-

ion battery as high capacity anode material [1], magnetic material [2], gas sensing [3] and 

water splitting [4]. The rocksalt monoxide, CoO, has been extensively used to produce 

extensive cobalt blue in the ceramics industry  [5]. Furthermore, CoO can also serve as the 

photocatalyst in water splitting for the generation of hydrogen and oxygen from water [6]. 

To enhance the performance of the cobalt oxides, people have devoted to the 

development of cobalt oxides nanostructures with different morphologies. Cobalt oxide 

nanowires, nanoparticles and other nanostructures have been synthesized  by various 

methods such as thermal decomposition  [7], electro-chemical deposition [8, 9], spray 

pyrolysis [10-12], sol-gel [13], and chemical vapor deposition  [14, 15]. Figure 1.1a is the 

SEM image for Co3O4 and Figure 1.1b is the TEM image for CoO nanoparticles. 

                                       

Figure 1.1 (a) SEM of Co3O4 nanowire from [16]; (b) TEM of CoO nanoparticle from [6] 

(a)                                                                           (b)
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Figure 1.2 shows the crystal structure of CoO and Co3O4 [17]. Co3O4 has a spinel 

structure, with the Co3+ occupying the octahedral sites and Co2+ in the tetrahedral sites. In 

CoO, the Co2+occupies the octahedral sites. Co3O4 has a stable structure up to 800o C and 

can be decomposed into CoO and O2 when the temperature is higher than 900o C in 

vacuum or low oxygen condition. The reaction that takes place is as 

                                                   	2Co O 	→ 6CoO 	O .                                             (1-1) 

Therefore, the pure CoO is difficult to obtain, since it can take up oxygen at room 

temperature and transform to Co3O4. 

 

Figure 1.2 Crystalline structure of (a) CoO and (b) Co3O4 from [17] 
 

One important application of cobalt oxides nanoparticles, as mentioned, is to be 

employed as photocatalysts to achieve the direct total water splitting, leading to a higher 

conversion efficiency in principle, in order to solve energy and environmental issues at a 

global level, which is the final goal of our research. In 1972, Fujishima and Honda, for 

the first time, reported the electrochemical photolysis of water using a TiO2 electrode, 

and described the chemical reaction can be described as [18] 
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                                        H O hν	 →	H 	 O .                                            (1-2) 

Figure 1.3 shows the schematic of photocatalytic reactions process on 

semiconductor materials. During this process, photons with energy larger than the band 

gap of the semiconductor are absorbed, and then the electron-hole pairs will be generated 

and followed by charge separation and migration of these charge carriers. Chemical 

reactions will then happen between charges and H2O or electron-hole may recombine 

without the participation in chemical reactions as shown in Figure 1.3a. The theoretical 

minimum band gap for water splitting is 1.23 eV at 0 pH [19]. Figure 1.3b shows that to 

enable the water-splitting, the bottom of the conduction band of the semiconductor has to 

be more negative than the redox potential of H+/H2 while the top of the valence band has 

to be more position than the redox potential of O2/H2O.  

 

 

Figure 1.3 Schematic of photocatalytic water splitting process from [20] 

Quantum efficiency (QE) is the prime measure of photocatalyst effectiveness. 

From Figure 1.4 [21], we can see that in the previous study, UV-light-based 

photocatalysts have exhibited much better performance than visible-light-based 

photocatalysts. Among the visible wavelength range, GaN: ZnO composites give the best 
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performance, with the QE of 2.5% at 420-440 nm [22, 23]. In the solar spectrum, the 

visible electromagnetic component has a far more percentage (42 – 43%) than the UV 

range (3-5%) that can reach the surface of the earth. In spite of extensive research, 

semiconductor photocatalysts didn’t exhibit good activity beyond 440 nm, and typically 

have a low QE of around 0.1% [24, 25]. In our previous study, we have reported that 

CoO nanoparticles can carry out overall water splitting with a solar-to-hydrogen 

efficiency of around 5% under visible irradiation, which provides a great opportunity to 

develop practical solar fuel applications.  

 

Figure 1.4 Quantum efficiency of different materials determined experimentally in [21] 

The CoO nanoparticles were prepared by femtosecond laser ablation and 

mechanical ball milling from CoO micropowders, which were thermally decomposed 

from Co3O4 micropowders. CoO nanoparticles with high purity are required in the water-

splitting process for the generation of H2. As discussed before, pure CoO is difficult to 

obtain because of its instability at room temperature. Therefore, it is of crucial 

importance to study the optical properties of CoO and Co3O4 and develop invasive 

techniques to characterize CoO and Co3O4.  
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1.2 Review of Previous Study of Optical Properties of Cobalt Oxides 

1.2.1 Fourier Transform Infrared Spectroscopic Study of Co3O4 

Fourier transform infrared spectroscopy (FTIR) is a widely used technique to 

obtain the molecular vibrational information and atomic vibration information. It is non-

destructive and initiates no oxidation processes. The infrared spectra of Co3O4 were 

studied since 1971 by Preudhomme and Tarte [26]. They measured the transmittance 

spectra of Co3O4 from 1000-50 cm-1 and observed four distinct absorption bands at 672, 

590, 392 and 220 cm-1. Here in the thesis, we will only look into bands above 400 cm-1 

since the measuring range of the FTIR used in our lab is 8000 to 400 cm-1. 

In 1982, Shirai et al. measured the transmittance and reflectance spectra of Co3O4, 

as shown in Figure 1.5 [27]. The essential features of the infrared transmittance spectra of 

Co3O4 (Figure 1.5a) are in agreement with those by Preudhomme and Tarte. For the 

reflectance spectra, Kramers-Kronig analysis [28]  was carried out and the Lorentz 

oscillator fit was performed to get the resonance frequencies, which correspond to the 

transverse optical phonon (TO) frequencies. The longitudinal optical phonon (LO) 

frequencies are determined from the loss function. They discovered that Co3O4 can be 

characterized by two infrared TO modes at 657 and 565 cm-1 (above 400 cm-1), and two 

infrared LO modes at 685 and 605 cm-1. They did not give an explanation why the LO 

modes were missing in the transmittance spectra. Moreover, the reflectance data obtained 

(Figure 1.5b) was not straightforward to tell the phonon absorption bands, and thus 

requires the use of Kramers-Kronig (KK) relation, and the Lorentz model fitting, which 

involves a great number of trivial calculations and assumptions. In 1993, Lenglet et al. 
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performed the infrared reflectance measurement on Co3O4 thin film one-side polished 

Cobalt plate and the results are in good agreement with what Shirai reported, that two TO 

and two LO absorption bands could be directly observed and identified in the reflectance 

spectra of Co3O4 [29]. The approach was simple except that oxidized cobalt contained 

mixed Co3O4 and CoO phases, and the phonon frequencies depended on the thickness of 

oxidized film and angle of incident IR beam. 

          

Figure 1.5 (a) Transmittance and (b) Reflectance spectra of Co3O4 in [27] 

In recent years, people made many efforts working on the synthesis of Co3O4 

nanostructures using different methods, and the infrared measurement is one of the useful 

technique to provide information about the compound. However, data obtained recently 

experimentally provided no information on the LO modes, and only TO bands can be 

observed, with slight shift due to different sample preparation conditions [30-39]. In most 

cases, Co3O4/KBr pellet was used to get the transmittance spectrum. In 2014, Kormondy 

et al. also did the infrared ellipsometry study to characterize Co3O4 film [40]. They 

performed the fit to the ellipsometric angles and calculated the dielectric constant of 

Co3O4 and obtained the two TO phonons at 656 and 557 cm-1. Table 1.1 lists the peak 

 (a)                                                                      (b)
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positions, sample preparation method and measurement configurations in some literature 

for Co3O4.  

Table 1.1 Summary of the FTIR results for Co3O4 in literature 

Reference 
Sample 

Preparation  
Peak Position  

(cm-1) 
Measurement 
Configuration 

Preudhomme, 1971 Solid state reaction 672 590 transmittance 

Shirai, 1982 NA 

661 574 transmittance 

657(TO) 565(TO)
reflectance 

685(LO) 605(LO)

Lenglet, 1993 Thermal oxidation 
660(TO) 560(TO)

reflectance 
690(LO) 605(LO)

Tang, 2008 
Precipitation 

Oxidation 
661 570 

transmittance 

Salavati, 2009 
Thermal 

decomposition 
666.42 572.39 

KelpŠAitĖ, 2011 
Electrochemical 

deposition 
659 565 

Bhatt, 2011 Microwave-assist 660 570 

Athar, 2012 Wet synthesis 664.69 568.74 

Yue, 2012 Solid-liquid 661 569 

Liu, 2012 Polymer-mediated 669 585 

Farhadi, 2013 
Thermal 

decomposition 
663.47 572.82 

Varghese, 2014 Hard template 663 567 

Pfeil, 2014 
Solution 

combustion 
660 560 NA 

Kormondy, 2014 
Molecular beam 

epitaxy 
656 557 ellipsometry 
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1.2.2 Fourier Transform Infrared Spectroscopic Study of CoO  

The study of infrared properties of CoO can date back to as early as 1965 by 

Gielisse et al. [41]. They carried out the infrared reflectance and transmittance on CoO 

single crystal from 4000 to 250 cm-1 at room temperature. Based on the preliminary 

measurements on a 100 µm thick sample, they observed a definite transmission minimum 

peaking at about 750 cm-1 and further evidence for absorption structure at 816, 870 and 

922 cm-1. Figure 1.6 shows the reflectance spectrum of CoO as well as the real and 

imaginary part of the refractive index from [41]. 

 

Figure 1.6 Reflectance spectrum and the calculated refractive index of CoO in [41] 

 The reflectance measurement was recorded at the essentially normal incidence 

and the refractive index was derived from the Kramers-Kronig analysis of the reflectance 

data. Resonance frequencies were obtained from the peaks and subsequently used in a 

two-resonance damped oscillator model calculation. Their calculated reflectivity was in 

good agreement with the measured data. For CoO, one resonant frequency falls in 350-
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347 cm-1 and the other resonant frequency falls in 547-544 cm-1. Similar work was 

reported by Kant et al. in 2008  [42]. They performed the infrared reflectance 

measurement on single-crystalline CoO, with a thickness of 1 mm, and based on the 

factorized dielectric function, the resonant frequency of transverse phonon ω  and 

longitudinal phonon ω  can be directly obtained. At room temperature, the TO and LO 

frequencies were determined as 335.7 and 562.1 cm-1, respectively. 

 

 

Figure 1.7 Calculated infrared reflectance spectra of CoO films at various thickness: 1) 
0.1 µm; 2) 0.5 µm and 3) 2 µm on Co plate with incident angles at (a) 80o 
and (b) 16o from [29] 

 The samples used in [42] had a relatively large thickness, while Lenglet et al. [29] 

calculated the reflectance of CoO thin film (with thickness of 0.1, 0.5 and 2 µm) on 

cobalt plate by the classical Lorentz oscillators at two different incident angles, 80o and 

16o, respectively, shown in Figure 1.7. They showed that CoO may be directly identified 

by a TO band at 345 cm-1 and an LO band at 550 cm-1
 without data analysis of the 

reflectance spectrum. The LO band will shift to larger wavenumber, from 550 to 585 cm-1 

at 80o with increasing thicknesses, while the shift was unexplained. Wdowik and 

Parlinski [43, 44] have performed calculations on CoO within the density-functional 

(a)                                                                                    (b)
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theory from first principles. The calculated frequency of the TO mode and LO mode is 

10.25 THz (or 341.67 cm-1), and 15.73 THz (or 524.33 cm-1). 

However, different opinions about the position of the infrared absorption bands of 

CoO were proposed. In Tang’s paper [30], the experiment result from the transmittance 

measurement of CoO/KBr pellet showed a broad absorption band at 507 cm-1. They 

believed that the single band is likely to be associated with the cobalt ion in octahedral 

holes, meaning in an oxygen octahedral environment. Similar results were presented in 

[45]. In these two papers, X-ray diffraction (XRD) measurements were performed and 

presented as support of the composition of their CoO samples. The more detailed 

introduction of the Kramers-Kronig analysis, the classic Lorentz oscillator model, and the 

factorized oscillator model will be discussed in Chapter 3 and Chapter 4. 

1.2.3 Raman Spectroscopic Study of CoO 

Raman spectroscopy is commonly used to observe vibrational, rotational and 

other low-frequency modes in a system. In 1988, Hadjiev et al. [46] studied the Raman 

spectra of Co3O4 and it is agreed that Co3O4 can be identified with five Raman-active 

modes at 194, 482, 522, 618 and 691 cm-1.  

Nevertheless, the Raman spectrum of CoO is still ambiguous. Different 

conclusions were made for the Raman peaks for CoO: Melendres  [47] reported that CoO 

has two bands at 516 and 555 cm-1, respectively (λex=488 nm); Vuurman  [48] showed 

that CoO has one broad band centered around 600 cm-1 (λex=514.5 nm); Choi  [49] found 

that the Raman spectrum of CoO exhibited four bands, with two strong peaks at 468 and 

672 cm-1, and two weak peaks at 510 and 605 cm-1 (λex=632.8 nm); and Tang  [30] 
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observed two broad bands at 455 and 675 cm-1 (λex=780 nm). No assignments were made 

for these peaks presented.  

In 2006, Gallant et al. studied the optical properties of CoO film electrogenerated 

in bicarbonate aqueous media  [50]. The Raman spectrum of CoO (excited by 514.54 nm 

laser) in Figure 1.8 shows two main peaks, located at 484 and 693 cm-1, which were 

assigned to the Raman active modes Eg and A1g, respectively. This is also a broad band 

located between 500 and 650 cm-1, which was assigned to anharmonic interactions in the 

film structure. Similar results were reported by Wang  [51] and Ravindra  [52] with a 

slightly shift in the peak positions which was considered to be caused by the difference in 

the size of the samples.  Furthermore, Ravindra assigned the broad band at 540 cm-1 to be 

the T1g mode. The reference for these assignments could be found in the book by 

Nakamoto [53].  

 

Figure 1.8 Raman spectrum of standard CoO using laser beam intensity of 4 µW in [50] 

On the contrary, in defect-free CoO single crystals, one should not observe any 

first-order Raman scattering. Solid is different from molecule. A unit cell of CoO only 
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has one Co and one O. The second-order Raman scattering, however, is allowed and 

accounting for the phonon dispersion of CoO and should appear in the 1000-1100 cm-1 

spectral range [43, 44].  Struzhkin et al. investigated the Raman spectroscopy of CoO 

under high pressure, within the temperature range 10-300 K [54, 55]. Figure 1.9 is the 

Raman spectra of CoO they took at various temperatures and almost constant pressure 

near 2.8 GPa. As the temperature decreases, three narrow lines at 140, 220 and 296 cm-1 

were observed, together with three weaker lines at 251, 430 and 490 cm-1, all of which 

were assigned to magnetic excitations because of the temperature dependence of their 

intensities, and also because of the correlation with IR absorption results and with those 

of inelastic neutron scattering. Weak broad features near 320, 530 and 1030 cm-1, as well 

as a sharper peak at 697 cm-1 were attributed to two-phonon Raman scattering. The 

strong band near 1040 cm-1 and the shoulder at 1150cm-1 appear to be of magnetic origin 

since their intensity increases greatly at low temperatures. 

 

Figure 1.9 Raman spectra of CoO at 2.8 GPa measured at different temperatures in [54] 
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1.2.4 Photoluminescence Spectroscopic Study of Co3O4 

Photoluminescence (PL) is the light emission after the absorption of photons. It is 

generally accepted that Co3O4 is a direct band gap semiconductor, with two optical band 

gaps in the visible range (Eg1≈ 1.5 eV, and Eg2≈ 2.1 eV) [11, 56-61] by measuring the 

UV-Vis absorbance spectrum.  However, until recently a few studies have been reported 

on the PL of Co3O4. In 2014, Zhang et al. studied the photoluminescence spectrum of 

Co3O4 nanoparticles with a size of around 20-60 nm and Co3O4 quantum dots with a size 

of 3-4 nm, which were denoted as Co3O4-SSR and Co3O4-QDs. The UV-Vis absorbance 

spectra and PL spectra were shown in Figure 1.10.  

 

 

Figure 1.10 (a) Tauc plots ((F(R)hν)2 vs. hν (b) PL spectra of Co3O4-QDs and Co3O4 –
SSR from [11, 56-61] 

Figure 1.10a gives the band gaps deducted from the UV-Vis absorption spectra 

and it showed that Co3O4-SSR has two Eg with values of 1.57 and 2.15 eV; while Co3O4-

QDs has Eg with values of 1.74 and 2.26 eV. Figure 1.10b is the photoluminescence 

spectra taken at room temperature. Both samples showed visible emissions, and the peak 

narrowed with a blue shift from 600 nm to 550 nm when the sizes went down to 3-4 nm 

for Co3O4-QDs, originating from the quantum confinement effect. Similar results were 

(a)                                                                                    (b)
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published, in which people observed similar PL in the visible to near infrared range from 

Co3O4 nanostructures at room temperature [62-64]. 

On the contrary, several groups have reported the absorption of Co3O4 thin films 

at longer wavelength in the infrared range [10, 65-67]. The absorption bands of Co3O4 

were determined from experiment and modeling at around 0.83, 0.94, 1.7 and 2.9 eV, 

with the latter two having similar value as discussed above in the visible range. These 

values changed depending on the thickness of the films and the methods of preparation. 

However, there has been little success in assigning electronic transitions to these 

absorption peaks. Athey et al.  assigned the bands accordingly [10]: (a) the 0.83 eV band 

to the ligand field transition of the Co+2→Co+2 tetrahedral ion; (b) the 0.94 eV band to a 

charge transfer between Co+2 →Co+3, representing an internal oxidation-reduction 

process, (c) the 1.7 eV band to a reverse charge transfer process at higher energy 

Co+3→Co+2 and (d) the 2.9 eV band to a ligand to metal charge transfer band O-2→Co+2. 

 

Figure 1.11 (a) Tauc plot near the band gap region for a 17 nm epitaxial Co3O4 (111) 
film and (b) 10 K PL spectrum of Co3O4-SrTiO3 under a 404.5 nm laser 
excitation from [68] 

Similarly, Kormondy performed the spectroscopic ellipsometry study on the 

Co3O4 film in the infrared range, a direct band gap of 0.75 eV was revealed [40]. This 

                                (a)                                                                        (b) 
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was in good agreement with an earlier work done by Qiao et al. [68], where a band gap of 

0.74 eV was reported from transmission and PL measurements, shown in Figure 1.11. 

Figure1.11a gives the Tauc plot at low energy obtained from the absorption spectra of a 

17 nm epitaxial Co3O4 (111) film and it exhibited three peaks, as labeled by the black 

arrows. A band gap of 0.76 eV was determined by a linear extrapolation of the absorption, 

indicated by the dotted green line. This band gap was supported by infrared PL 

measurements of a ~100 nm thick epitaxial Co3O4-SrTiO3 (001) at 10 K, shown in Figure 

1.11b under a 404.5 nm laser excitation. The sharp asymmetric peak at 0.74 eV was 

detected. This gap was considered due to direct dipole-forbidden d-d intraband transitions 

at tetrahedral-site Co2+ cations. These transitions become allowed due to crystal-field 

splitting in the cubic spinel structure and due to hybridization of the oxygen 2p states 

within the cobalt 3d states. Note that all these work were done on Co3O4 thin film. 

1.2.5 Photoluminescence Spectroscopic Study of CoO 

The band gap and photoluminescence of CoO has been investigated much less, in 

comparison to Co3O4. Most studies showed that CoO has a band gap energy of about 2.5-

2.8 eV [6, 43, 44, 69]. Cathodoluminescence (CL) of CoO has been investigated by Díaz-

Guerra and Piqueras [70]. Luminescence bands in the visible and near infrared spectral 

ranges were observed under different temperatures, tentatively attributed to intra-ionic 

transitions, as shown in Figure 1.12. The CL spectra showed two main peaks at 2.65 eV 

and 2.85 eV in the visible range (Figure 1.12a), and two main peaks at 0.76 eV and 0.87 

eV in the infrared range (Figure 1.12b). 

They also studied the dependence of the visible CL intensity with temperature. 

CoO is an antiferromagnetic compound with Néel temperature at 291 K. Anomalies in 



16 
 

the CL spectra were found at about half of the Néel temperature, which was explained by 

the existence of magnetic ordering effects. Low-temperature (8 K) PL spectrum of CoO 

has been reported recently, that CoO has a broad visible emission band with a maximum 

around 3 eV by synchrotron radiation [71, 72]. 

 

Figure 1.12 CL spectra (a) in the visible and (b) near infrared ranges recorded from CoO 
at different temperatures from [70] 

1.3 Research Objectives and Thesis Outline 

With highly active photocatalytic performance, Co-based catalysts have become 

an emerging nanomaterial for oxygen evolution, hydrogen evolution and artificial 

photosynthesis. It is of great importance to further investigate and carefully study the 

vibrational modes and band gaps of the cobalt oxides in order to better understand the 

fundamental mechanisms of the optical properties and accelerate the process in basic 

understanding and device applications of cobalt oxide. Moreover, it is also important to 

develop an effective and non-destructive technique to characterize and distinguish Co3O4 

and CoO, to further improve the performance of Co-based materials in the application. 

Therefore, the objective of this dissertation focuses on the investigation of the lattice 
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vibrations and band gaps of cobalt oxides by FTIR, Raman and PL spectroscopy. In 

addition, different techniques have been employed and described with emphasis on 

developing and obtaining an efficient method with high performance in characterizing 

CoO and Co3O4. 

This dissertation is organized as follows. The experimental setups and procedures 

used for optical characterization are presented in Chapter 2. In Chapter 3 and 4, results 

from FTIR study over Co3O4 and CoO are presented and discussed. Experimental and the 

computational results from modeling were covered. Chapter 5 provides an analysis of 

Raman spectra of CoO, performed at room temperature and low temperature. The 

photoluminescence spectroscopic study of Co3O4 and CoO will be presented in Chapter 6 

and 7. Chapter 8 summarizes the main conclusions of this study and recommends future 

research.    
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Chapter 2 Experimental  

The experiments included in this dissertation were conducted with multiple 

instruments. FTIR was performed on a Thermo Nicolet is50 spectroscopy with DTGS 

detector. Raman and PL were performed by using Horiba Triax550 spectrometer. 

Furthermore, details on the computational models including Kramers-Kronig analysis, 

Lorentz oscillator model and the factorized model were introduced in Chapter 3 and 4.  

2.1 Fourier Transform Infrared Spectroscopy 

2.1.1 Introduction 

 
 

Figure 2.1 A schematic layout of Thermo Nicolet IR spectroscopy from [73] 
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All the FTIR analysis was performed using a Thermo Nicolet is50 spectroscopy 

equipped with a DTGS detector. A schematic layout of the Thermo Nicolet IR 

spectrometer is described in Figure 2.1. The system consists of an infrared source, an 

interferometer, a sample, a detector and a computer. The FTIR experiments was carried 

out in transmittance mode, specular reflectance mode, diffuse reflectance mode, 

attenuated total reflectance (ATR) mode, depending on the morphology of the samples. 

2.1.2 Data Acquisition and Analysis 

The transmittance and specular reflectance measurement were performed on thin-

film samples with smooth surface. In the transmittance mode, the fraction of incident 

electromagnetic power through a sample was measured. The transmittance (T) can be 

described as 

         

oI
T

I


,                    (2-1) 

where Io is the intensity of light transmitted by the material sample; and I is the intensity 

received by that material sample. The absorbance of the sample A is defined by the Beer-

Lambert law: 

      

o
10 10

I
A log log T

I
     
  .            (2-2) 

The specular reflectance is the mirror-like reflectance of light from a surface, 

which can be described by the law of reflection. The experiment was carried out using the 

Spectra-Tech Model 500 variable angle specular reflectance accessory, which allows 

variable angle of incidence from 20o to 85o, as shown in Figure 2.2. Mirror M4 can be 
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substituted by the desired sample after the background spectrum is obtained. By rotating 

M3/M4, the incident angle can be adjusted. 

 

Figure 2.2 A schematic layout of Spectra-Tech 500 specular reflectance accessory in [74] 

Diffuse reflectance and ATR are used when handled with powder samples in our 

study. Diffuse reflectance is the reflectance from a surface when the incident light is 

reflected at many angles. Kubelka-Munk (KM) function was used to convert the spectra 

to the form that is comparable to the transmitted spectrum of different materials [75]. The 

Kubelka-Munk (KM) equation can be described as, 

                                     
   2

1 R k Ac
F R   

2R s s


  

,                                          (2-3) 

where F R  represents the KM function and R	is the diffuse reflectance. The parameters k 

and s are the absorption coefficient and the scattering coefficient of the sample, 

respectively. A is the absorbance and c is the concentration of the absorbing species. We 
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we can see that F(R) is proportional to the absorbance of the sample. Figure 2.3 shows 

the diffuse reflectance accessory optical system, which has a fixed mean angle of 

incidence of 50o. 

 

Figure 2.3 A schematic layout of the diffuse reflectance accessory from [76] 

Attenuated total reflectance (ATR) uses a property of total internal reflection 

resulting in an evanescence wave, which extends into the sample. Sample is held in 

contact with a prism made of highly refractive material. Germanium ATR was used in 

our experiment, which has a working range from 5000 to 550 cm-1.  

2.2 Raman Scattering Spectroscopy 

2.2.1 Introduction 

Raman scattering is a form of vibrational spectroscopy, much like infrared 

spectroscopy. However, according to the rule of mutual exclusion, no normal modes can 
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be both infrared and Raman active in a molecule that possesses a center inversion 

symmetry  [77]. IR vibrational bands arise from a change in the dipole moment while 

Raman bands arises from a change in the polarizability. Most of the time, Raman and IR 

spectroscopy are considered complementary. A Raman system includes the following 

main components: a laser excitation source, excitation delivery optics, a sample, 

collection optics, a detector and a recording device. In our experiment, back-scattering 

setup was used to obtain the Raman spectrum, as shown in Figure 2.4. Since the laser 

may cause the local heating effect and induce the oxidation process of CoO, cylindrical 

lens (with focal length of 75 mm) was used to focus the laser onto the sample surface, in 

order to reduce the laser power density. A spherical lens with focal length of 75 mm was 

used to collimate the Raman scattering signal from the sample surface; and spherical lens 

with focal length of 200 mm was used to focus the light onto the detector. 

 

 

Figure 2.4 A schematic layout of the back-scattering Raman setup 
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2.2.2 Data Acquisition  

In our experiment, 473 nm and 532 nm lines of the laser were used as the 

excitation source. The laser power used for recording the Raman Spectra was 20 mW. 

The Raman spectra were recorded using the Horiba Triax550 spectrometer [78], equipped 

with the Spectrum One liquid nitrogen (LN2) cooled CCD detector. The diffraction 

grating is used to separate the wavelength, and the 1200 gr/mm grating was used in the 

Raman measurement to achieve high resolution.   

2.3 Photoluminescence Spectroscopy 

The configuration for the photoluminescence measurement is similar to the setup 

for Raman measurement, which needs a source of radiation, optics and a detector. 473 

nm and 532 nm laser lines were used as the excitation source of PL spectra. However, 

single channel solid state detector (DSS), together with an optical chopper and lock-in 

amplifier were used when recording the infrared PL spectra. The DSS detector was a 

liquid nitrogen cooled InGaAs infrared detector (DSS-16A020L Electro-Optical System 

Inc.), which can work in the range from 0.8 to 2.3 µm. The detector was mounted onto 

the Triax 550 spectrometer using a mechanical interface (1427B). The usage of the DSS 

detector requires special signal processing, which typically consist of a lock-in amplifier 

and a chopper to extract the signal from their inherent noise. In our study, Stanford 

research systems model SR830 DSP lock-in amplifier and Thorlabs optical chopper were 

used. The frequency of the chopper was set at 120 Hz, at which the optimal signal was 

acquired. 
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We performed the low temperature Raman and photoluminescence experiment for 

the cobalt oxides using the low vibration variable temperature 10 K optical closed cycle 

refrigerator system with HC-4E-1 water cooled compressor from CRYO Industries of 

America. The lowest temperature reached in the experiment is 10 K.  

 

Figure 2.5 An interior view of UV-Vis spectrophotometer from [79] 

The absorbance spectra were measured in the UV-Vis-IR range to calculate the 

band gaps of the cobalt oxides. For thin film samples, the transmittance spectra were 

recorded; while for the powder samples, the diffuse reflectance spectra were obtained to 

derive the absorbance. The UV-Vis measurement was performed using Hitachi 2001 

spectrophotometer from 190 to 1000 nm; Agilent Cary 5000 UV-Vis-NIR 

spectrophotometer was used to collect spectra from 1000 to 3000 nm; the Thermo Nicolet 
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is50 FTIR spectrometer was also used to collect data in the infrared range. Figure 2.5 

shows the schematic of an interior view of the UV-Vis spectrophotometer from [79], and 

the UV-Vis-NIR spectrophotometer has a similar working mechanism. 
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Chapter 3 FTIR Spectroscopic Study of Co3O4 

3.1 Introduction 

 The infrared spectrum of Co3O4 has been widely used for the purpose of 

identification. However, earlier studies reported IR absorption measurements of Co3O4 

showing only the TO vibrational bands. The corresponding LO counterparts can be 

obtained from a combined Kramers-Kronig analysis and oscillator fit. However, most 

experimental data reported have shown two absorption bands in the IR spectrum, with no 

information on the assignment of the optical phonon modes and not much discussion. 

There is a lack of sufficient evidence and explanation on how the other two absorption 

bands are missing in the spectrum.  

The present study is directed at understanding the infrared spectrum and optical 

modes of Co3O4 using different experiment configurations. Transmittance, reflectance, 

diffuse reflectance and ATR were used to investigate and identify the infrared spectrum 

of Co3O4. To have a better interpretation of the transmittance and reflectance spectra of 

thin Co3O4 films, calculations were made as a comparison.  

3.2 Experimental 

The Co3O4 sample used for transmittance measurement is thin film sample 

deposited on a double side polished silicon wafer, using an AJA ATC 2200 ultra-high 

vacuum DC magnetron sputtering system with base pressure 5×10-8 Torr and processing 

pressure 5×10-3 Torr. A reactive magnetron sputtering with argon (35 sccm) and oxygen 

(5 sccm) was used to achieve a preferred composition. The final thickness of the 
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sputtered film was around 100 nm. Co3O4 with KBr powder was pressed into pellet and 

used for transmittance measurement as well. Thin Co3O4 films on cobalt plate was also 

prepared to get the reflectance spectrum. The method for the treatment were obtained 

from [29] as follows: mechanical polish of the cobalt foil (0.3 µm aluminum oxide 

abrasive discs), ultrasonic cleaning under alcohol and heating in air at 500o C for 30 

minutes in order to thermally oxidize pure Co.  

For the calculation part, Fresnel equations were used to get the transmittance and 

reflectance at the interface. The Fresnel equations can be described as follows:  

2
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n cos n cos
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    and        (3-1) 
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 ,            (3-2) 

where the subscript p stands for P-polarization. θ  can be obtained using Snell’s law: 

      1 1 2 2n sin n sin   .              (3-3) 

The P-polarized reflectance and transmittance of the single thin film system can be 

represented by Airy formula [80, 81]: 
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where the phase change is  

i i i i2 n d cos /                                                  (3-6) 

and di is the thickness of the thin film. 

Optical data for Co metal from Ordal were used  [82], with a Boltzmann sigmoid 

fitting of experimental points in the range of 400 to 4000 cm-1. The real and imaginary 

part of the refractive index of Co, nCo and κCo, can be expressed as a function of 

frequency ω as  

     

Co ω 83.98901

298.43314

53.575
n 4.78174

1 e
 

  and                      (3-7) 

           

Co ω 2432.65942

761.10024

2010.72127
κ 8.03049

1 e
 

       (3-8) 

 The dielectric constant of Co3O4 can be calculated based on the Lorentz damped 

oscillator model [83]: 

 
2

j j
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4πρ ω
ε ε iε ε

ω ω iγ ω
   

 
,     (3-9) 

where ωj, ρj and γj are the resonance frequency in cm-1, oscillator strength and damping 

constant, respectively, of the j-th oscillator, and  is a high frequency dielectric constant. 

The parameters of Lorentz oscillators used to calculate the optical constants of Co3O4 are 

obtained from Shirai [27], as shown in Table 3.1, and ε 5.0. 
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Table 3.1 Parameters used for calculation of dielectric constant of Co3O4 

Resonance Frequency 
  (cm-1) 

Damping Constant  
  (cm-1) 

Oscillator Strength 
4  

657 16.6 0.16 

565 25.9 0.62 

392 9.0 0.07 

242 2.0 0.02 

216 5.2 0.15 

208 5.8 0.11 

 

 From this, the refractive index of Co3O4 can be calculated as 

n ε .        (3-10) 

 The Co3O4 powder samples were used for the ATR and diffuse reflectance 

measurement. The samples were commercial Co3O4 powders with highest available 

purity. For the ATR experiment, Ge crystal was used with the Spectra Tech single 

reflectance accessory, which has a fixed incident angle of 45o. For the diffuse reflectance 

measurement, two different particle sizes of commercial Co3O4 powders were used 

(Sample Co3O4-10-µm: Sigma-Aldrich, size <10 µm; Sample Co3O4-50-nm: Sigma-

Aldrich, size <50nm). Smaller size Co3O4 particles were obtained by ball milling of 

Co3O4-10-µm powder for 16 hours in a SPEX SamplePrep 8000M Mixer/Mill and the 

average size of the ball milled powders is 20-30 nm. For the diffuse reflectance 

measurement, samples were diluted with KCl powder to avoid excessive absorption. The 

FTIR was performed in the range of 8000 to 400 cm-1 with a resolution of 4 cm-1. 
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3.3 Results and Discussion 

3.3.1 Transmittance Spectra 

The transmittance FTIR experiment, when feasible, measures directly the 

absorption spectra of lattice vibrations. Since the IR electromagnetic waves are transverse, 

the longitudinal phonons are absent in the spectra at normal incidence at the material 

surface. The longitudinal mode, however, can be detected when the incident radiation is 

not normal to the surface but P-polarized (the radiation electric vector is in the plane of 

incident and reflected beams), a phenomenon also known as the “Berreman Effect” [84]. 

This could explain why the longitudinal optical modes in Co3O4 has been overlooked so 

far. Figure 3.1a illustrates when the incident radiation is normal to the surface and has 

electric field component parallel to the surface. In this case, light can only couple with 

the transverse vibrations and causes absorption near the frequency of the TO modes. On 

the other hand, when the incident light is oblique to the surface (Figure 3.1b), there will 

be an electric field component perpendicular to it that couples to the LO modes. 

 

 

Figure 3.1 Schematic for transmittance measurement with (a) normal incidence and (b) 
oblique incidence 

 

(a)                                                                                        (b)

E 
E
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Figure 3.2 shows the transmittance spectrum for the sample Co3O4 film on silicon 

substrate, with different incident angles for experiment. At a small (~0o) incident angle, 

two TO absorption bands, at 657 and 557 cm-1 corresponding to the two highest in 

frequency T1u (F1u) phonons are seen in the spectra. Two associated LO modes at 682 and 

602 cm-1 began to appear and became stronger at large incident angles as expected. Note 

that the infrared beam is not polarized, and this is why the TO lines are still stronger than 

LO lines even at an angle of 80o.  
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Figure 3.2 The FTIR transmittance spectrum for Co3O4 film with three incident angles 

Figure 3.3 shows the calculation results for the P-polarized transmittance of a 100 

nm thick Co3O4 film, which has good agreement with the experiment results. The 

difference in the peak positions from the calculation and the experiment is due to the 

resonant frequencies we set for fitting model. Experiment data shows a much lower 

transmittance than the calculation, which indicates the real thickness of the Co3O4 is 
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larger than 100 nm. Another important observation is that the positions of all four phonon 

lines stay the same when the angle varies. 
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Figure 3.3 Calculated transmittance spectrum for 100-nm-thick Co3O4 film 

We further studied the angle dependence P-polarized transmittance spectra of 

100-nm-thick Co3O4 film, as shown in Figure 3.4, which provides a better vision on how 

the TO peak and LO peak changed as the incident angle changed from 0o to 89o. We can 

see that when the incident angle was smaller than 70o, two strong TO peaks were 

observed at 565 and 657 cm-1 and these peak positions are independent on the incident 

angles. When the angle was increased to 70o, the two LO peaks centered at 592 and 671 

cm-1 started to appear and gradually became dominant in the transmittance spectra as the 

incident angle was further increased. The peak widths of the LO phonons also became 

broader as the incident angle increased. 
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Figure 3.4 Angle dependence P-polarized transmittance spectra of 100-nm-thick Co3O4 
film, with incident angle from 0o to 89o 

 

Figure 3.5 Thickness dependence P-polarized transmittance spectra Co3O4 film, with 
Co3O4 film from 10 nm to 10 µm, with incident angle at 70o
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Similarly, we performed the thickness dependence P-polarized transmittance 

spectra of Co3O4 thin film with a fixed incident angle of 70o, at which both the LO and 

TO phonons were observed for the 100-nm-thick film (shown in Figure 3.5). The film 

thickness was set from 10nm to 10 µm. When the oxide film was thin, two phonon peaks 

could be distinguished separately. However, as the film became thicker, the peaks 

merged together due to the small TO-LO splitting (~25 cm-1). This could explain why we 

could not observe the separate TO and LO phonons in the transmittance spectrum of 

Co3O4/KBr as well as the ATR spectrum for Co3O4 powder.  
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Figure 3.6 Transmittance spectrum of Co3O4-10-µm/KBr pellet with normal incidence 

Figure 3.6 shows the transmittance spectrum for Co3O4-10-µm/KBr pellet, with 

normal incidence. Two TO peaks at 668 and 550 cm-1
 can be observed as well as one LO 

peak at 585 cm-1, even incident angle is small, despite the missing of the high frequency 

LO peak. Similar transmittance spectrum was obtained for Co3O4-50-nm/KBr pellet. The 
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existence of the LO peak in the spectrum can be explained by that, compared to the film 

sample, the Co3O4/KBr pellet has a much rougher surface, which will lead to the multi-

reflections and transmittance through the Co3O4 particles. This will be further discussed 

for the ATR and diffuse reflectance configuration.  

3.3.2 Specular Reflectance Spectra 
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Figure 3.7 Specular reflectance spectrum of Co3O4 thin film on Co plate  

The reflectance spectrum obtained from experiment is shown in Figure 3.7. The 

thickness of the thin oxide layer can be estimated from the interference fringes in wide 

wavenumber range and is determined to be around 900 nm. Figure 3.8 is the calculation 

result of the P-polarized reflectance spectrum with different incident angles. The 

calculated LO and TO peak positions has a shift within ±8 cm-1
, compared to the 

transmittance spectrum. Another phenomenon is that as the incident angle increases, all 
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four peaks shift to larger wavenumber, which differs from the transmittance results, 

which could be caused by the interference between the film and the substrate. 
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Figure 3.8 Calculated P-polarized reflectance spectrum for 900-nm-thick Co3O4 film on 
Co plate with three incident angle 

We also studied the angle dependence and thickness dependence reflectance 

spectra of Co3O4 film on Co, as shown in Figure 3.9 and Figure 3.10. When the thickness 

was fixed, LO phonons could be observed at larger incident angle, as we expected. The 

TO and LO bands slight shifted when the angle changed. When incident angle was fixed, 

we also observed the shift in the phonon modes. This could be due to the interference 

effect between the oxide layer and the Co substrate. When the film gets even thicker, the 

absorption became strong and the phonon modes started to merge together. 
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Figure 3.9 Angle dependence P-polarized reflectance spectra of 900-nm-thick Co3O4 

film on Co, with incident angle from 0o to 89o  
 

 

 
Figure 3.10 Thickness dependence P-polarized reflectance spectra of Co3O4 film on Co, 

with thickness from 10 nm to 3 µm with incident angle at 60o 
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3.3.3 ATR Spectra  

The attenuated total reflectance (ATR) is today a widely used FTIR sampling tool, 

especially for powder samples to examine the absorption bands. However, the ATR 

accessory has a fixed angle of incidence of 45o, which limits the measurement and the 

study of the angle dependent LO and TO bands.  

Figure 3.11 shows the ATR spectrum of Co3O4-10-µm powder sample. Besides 

the two TO bands at 657 and 550 cm-1, broad shoulders were observed at ~670 and 580 

cm-1 respectively, which can be considered as the contribution of corresponding LO 

bands. This can be explained by the oblique incidence as well as the multi-reflectance 

and transmittance caused by the powder sample, as mentioned in the previous discussion 

about the Co3O4/KBr pellet. 
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Figure 3.11 ATR spectrum of Co3O4-10-µm powder sample 
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3.3.4 Diffuse Reflectance Spectra of Co3O4 Powders 

Transmittance and reflectance measurements are good for thin films and thick 

single crystal samples with smooth surfaces, but for powder samples, diffuse reflectance 

FTIR (DRFTIR) is a more convenient and effective method. Furthermore, DRFTIR 

allows people to obtain absorption spectrum through KM function F(R) = (1-R)2/2R ~ α, 

where R is diffuse reflectance and α is the absorption coefficient.  
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Figure 3.12 Diffuse reflectance of FTIR spectra of Co3O4 with three different average 
sizes: ~10 µm, ~50 nm and 20-30 nm. The 20-30 nm sample is obtained 
from 10-µm powders via ball milling 

Figure 3.12 shows the DRFTIR spectrum of Co3O4 powders with three different 

average sizes: ~10 µm, ~50 nm and 20-30 nm. For the 10 µm powder, all four phonons 

can be observed at nearly the same frequencies as what we obtained from the 

transmittance spectrum in Figure 3.2, but LO phonons are much stronger than TO 

phonons. The intensity ratio of LO to TO further increases when the particle size is 
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reduced to ~50 nm and ~20-30 nm. For the higher frequency LO-TO modes, the intensity 

ratio increases from ~5 to ~290 whereas the lower frequency pair increases from ~3 to 

~24. The relative intensity of the TO- to TO modes and LO- to LO modes, however, 

remains almost the same. Again no noticeable change in the peak positions and line 

widths is observed. Table 3.2 lists the TO and LO peak positions for all these three 

samples. The reason for the appearance of the LO modes in KM spectra is that DRFTIR 

involves multiple reflections and transmissions through the Co3O4 particles at mostly 

oblique angles facilitated also by the KCl filler. As the particle size in the powder 

decreases, the normal reflecting particle surface diminished as well due to the increase 

surface curvature. This, along with the increased scattering at large angles, results in the 

LO to TO band intensity enhancement. 

Table 3.2 Peak positions for Co3O4 powder samples with different average sizes 

Sample  
Size 

Peak Position (cm-1) 

LO TO LO TO 

10 µm 675 655 595 550 

50 nm 671 654 590 548 

20-30 nm 673 657 592 554 

 

3.4 Conclusions 

The infrared transmittance, specular reflectance and diffuse reflectance spectra of 

Co3O4 thin film and powders show all four phonons above 500 cm-1. The low (high)-

frequency TO is located at 552±4 (655±1) cm-1 with a gap of 43±4 (21±4) cm-1 from LO 

bands. It can be understood why only two peaks were observed in previous FTIR studies 
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because conventional configuration of transmittance with normal incidence was used.  

The experiment results from transmittance and reflectance measurement of Co3O4 thin 

film shows good agreement with the calculated spectra when different incident angles 

were used. For Co3O4 thin films, a large oblique incident angle is required to observe 

both TO and LO phonons, but for particles or powder samples, diffuse reflectance is a 

convenient, effective and safe method without creating sample damage. For the powdered 

sample, a correlation has been established between the particle size and the LO/TO band 

intensity ratio. 
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Chapter 4 FTIR Spectroscopic Study of CoO 

4.1 Introduction 

The infrared spectrum of single crystal CoO with good quality has been studied 

by Kant [42]. By obtaining the reflectance spectra and analyzing via KK analysis and the 

factorized oscillator fitting, they got only one IR active T1u mode measured at 336 cm-1 

(TO) and 562 cm-1(LO). Higher frequencies in the range of 577 and 598 cm-1 were also 

reported by Lenglet et al. and Pfeil et al. [29, 31]. However, the TO band in CoO is 

beyond the accessible spectral range of a mid-IR spectrometer. Moreover, the calculation 

is trivial and can be used only as a reference with little practical impact on the 

characterization of powdered CoO samples. In this case one has to identify the LO 

“fingerprint” of CoO in the KM spectra. 

In this study, we performed the transmittance and specular reflectance calculation 

of CoO thin film. However, as we know, CoO can be obtained by thermal decomposition 

of Co3O4 at temperatures higher than 900oC. For the film samples, the cobalt oxides 

easily react with substrate at such high temperature; moreover, the generation of the O2 

during the decomposition process would keep the reduction to CoO inadequate. As a 

result, no experiment data will be shown on the CoO film samples. As an alternative, we 

carried out the reflectance measurement on commercial CoO single crystal (100) with 

various incident angles. Similarly, we investigated the transmittance spectrum of 

CoO/KBr pellet, ATR and diffuse reflectance spectra of CoO powders to have a better 

understanding on the infrared phonon modes. 
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4.2 Experimental 

CoO single crystal sample (100) was purchased from MaTecK Company, with 

dimension of 5 mm×5 mm×0.5 mm. CoO powders were prepared via a modified 

decomposition procedure reported in [6]. Co3O4 powder was loaded in a quartz tube in 

the furnace, followed by high temperature decomposition in Ar environment. Prior to the 

experiment, the tube was pumped by a mechanical pump to ~50 mTorr in order to purge 

O2 out. Then Ar (225 sccm) was flowed to fill the tube to ambient pressure, and kept 

during the whole synthetic process. The tube was heated from room temperature (25o C) 

to 800o C in 6 hours and from 800o C to 1000o C in 10 hours, and then the furnace was 

cooled at the following rates: 1000o C to 750o C in 1 hour and 750o C to room temperature. 

Finally, the CoO powder sample was taken out from the tube after cooling down to room 

temperature for further characterization.  

The obtained CoO powder sample was treated in H2 environment at 200o C for 2 

hours for further purification. Similar method had been reported before  [85]. Prior to the 

experiment, the tube was pumped by a mechanical pump to ~50mTorr in order to purge 

O2 out. Then Ar (225 sccm) and H2 (10 sccm) were flowed to fill the tube to ambient 

pressure, and kept during the whole synthetic process. The CoO powders were also 

annealed in air at three different conditions: 300o C for 2 hours, 500o C for 2 hours and 

800o C for 2 hours to study the spectral evolution from CoO to Co3O4.  

To analyze the reflectance spectrum from CoO single crystal, the Kramers-Kronig 

analysis was performed first to get the refractive index [86-90]. When light arrives from 

air to the front surface of an infinitely thick material with refractive index n+iκ at normal 

incidence, the Fresnel equations for the reflectance can be simplified to 
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and the n(ω) and κ(ω) can be derived as: 
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where κ(ω) is often called extinction coefficient. The relationship between the absorption 

coefficient α and the extinction coefficient κ is  

       α 4πκω                            (4-4) 

and Θ  is the phase shift, and can be described as 

   
     

2 '2
0

ln[R ω ln[R ωω
Θ ω dω

π ω ω

  


  
.         (4-5) 

The integral of the equation above can be broken into three parts 
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       (4-6) 

or 

               Θ ω α ω φ ω β ω  
.                  (4-7) 

ω  and ω  are the minimum and maximum frequencies of available data 

respectively. So α ω  is the contribution from the whole of the frequency region below 



45 
 

the experimental range, β ω  is the contribution from all frequencies above the high 

frequency limit of the experimental range, and φ ω  is the contribution from the region 

of which there is experimental data. α ω  can be rewritten in the form as 

  
  min

min

ω ω
α ω A ln

ω ω




 .                   (4-8) 

Similarly we may consider the high frequency contribution β ω  which gives 
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 .                  (4-9) 

Thus we have expressed Θ ω  in the form 
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The calculation of φ ω  can be done directly with approximation using 

trapezoidal rule that 
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                  (4-11) 

since the experimental data points are discrete. 

 The only unknown quantities are A and B and these may be determined by 

realizing that the phase shift is zero at two frequencies. Through the KK approach, the 

dielectric constants and refractive index can be obtained by using numerical calculation. 

Consequently, the TO and LO mode can be easily determined from the maximum 

position of imaginary part of the dielectric constant ε  and from the peak position of Im(-

1/ε) curves, respectively. Or the LO peak can be derived from the Lydenne-Sachs-Tellers 

relationship [91] provided the TO peak position, or vice versa 
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The oscillator fit based on the Lorentz oscillator model was performed, using the 

initial values estimated from the KK analysis to obtain the information of the TO and LO 

vibrational modes.  Moreover, the factorized model, which can be described as 
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      (4-13) 

was also used to extract the TO and LO peaks from the reflectance spectrum, as a 

comparison. For the CoO powder samples, we studied the CoO/KBr transmittance 

spectrum, ATR spectrum as well as the diffuse reflectance spectrum. X-ray diffraction 

spectra were also taken for the CoO powder samples.  

4.3 Results and Discussion 

4.3.1 Transmittance Spectra by Calculation 

To calculate the transmittance and reflectance spectra of CoO, we used Lorentz 

oscillator model in equation 3-9. The parameters for CoO were obtained from [29]: 

ε 5.3;	υ 350	cm ;	γ 3	cm ; 4πρ =7.7. 

The corresponding LO resonance frequency can be calculated when using 

equation 4-11 and ω 548 cm-1. Figure 4.1 shows the calculated P-polarized 

transmittance spectrum for 100nm CoO film with three different incident angles at 0o, 60o 

and 80o. At small angles, only the band at 350 cm-1 can be seen which could be assigned 

as the TO peak based on the equation. As the incident angle increased, the peak at 548 

cm-1 appeared, which was considered as the corresponding LO peak. We have to keep in 
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mind that these assignments and all the calculation results in this part has pre-assumed 

that the TO peak of CoO is at 350 cm-1.  
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Figure 4.1 Calculated P-polarized transmittance spectrum for a 100 nm-thick CoO thin 
film with three different incident angles: 0o, 60o and 80o 

Figure 4.2 is the transmittance spectra with various incident angles from 0o to 89o 

for a 100 nm thick CoO film. This figure can help us to have a better understanding on 

how the TO and LO bands change when sample is rotated. We can see that as the angle 

of incidence increases, the absorption at 548 cm-1 starts to appear at ~10o and keeps 

increasing gradually. At the same time, we can observe the broadening of this LO peak 

and the narrowing of the TO peak as the incident angle increases. Similarly to previous 

observation, the peak position remains unchanged and is independent on the incident 

angles in the transmittance configuration. The thickness dependence transmittance 

spectra at fixed angle (60o) were also studied for the CoO, as shown in Figure 4.3. 



48 
 

 

Figure 4.2 Calculated P-polarized transmittance spectra mapping for a 100 nm-thick 
CoO film with incident angles from 0o to 89o 

 

Figure 4.3 Calculated P-polarized transmittance spectra mapping for CoO film with 
thickness from 10nm to 3 µm, with fixed incident angle at 60o 
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When the CoO film is thin, below 0.5 µm, two distinct absorption peaks could be 

seen from the transmittance spectra in Figure 4.3. As the thickness increases, both the TO 

and LO peaks become broadened, and the peak positions remain the same. When the 

thickness of the CoO goes beyond 2µm, the absorption of light becomes so intense and 

the TO and LO peaks merged together. We have tried to measure the transmittance of the 

CoO/KBr pellet as well as CoO single crystal which has thickness of ~100 µm after 

polish, but the absorption was too high to observe any LO peak. 

4.3.2 Reflectance Spectra by Calculation 

Reflectance spectra of CoO thin film were calculated using the same method 

discussed in the previous chapters. In the calculation, CoO was considered as thin layer 

on top of Co substrate. 
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Figure 4.4 Calculated P-polarized reflectance spectrum for a 900 nm-thick CoO thin film 
on Co, with incident angles at 0o, 60o and 80o
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Figure 4.4 gives the calculated P-polarized reflectance spectrum of CoO thin film 

with a thickness of 900 nm on Co substrate, with three different incident angles: 0o, 60o 

and 80o. The thickness used was the same as when performed the calculation of 

reflectance for Co3O4 thin film on Co. For the TO peak, we can still observe the 

absorption at 347 cm-1. However, for the corresponding LO peak, we observe broad 

absorption at 554 cm-1 with a 60o incident angle; and the peak position shifts to 575 cm-1 

when the angle further increased to 80o. Compared to the transmittance spectrum and the 

TO band, this absorption at larger wavenumber is much wider. Moreover, absorption at 

lower frequency was identified and contributed to the interference effect between the thin 

film and the substrate. Again, the angle dependence and thickness dependence reflectance 

spectra were studied. 

 

Figure 4.5 Calculated P-polarized reflectance spectra mapping for 900 nm-thick CoO 
thin film on Co with incident angles from 0o to 89o 
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As shown in Figure 4.5, when the incident angle is larger than ~5o, the LO peak at 

550 cm-1 can be observed. The TO peak at 350 cm-1 can also be observed although the 

absorption is relatively weak, especially when compared to the peak at 325 cm-1. When 

the incident angle was further increased from 60o to 89o, the peak at 550 cm-1 gradually 

shifts to larger frequency and at 89o, the peak position is 582 cm-1. Similar results were 

also obtained from the P-polarized reflectance spectra mapping for CoO sample with 

different thickness from 10 nm to 100 µm, at a fixed incident angle of 60o, as shown in 

Figure 4.6. 

 

Figure 4.6 Calculated P-polarized reflectance spectra mapping for CoO film with 
thickness from 10 nm to 100 µm, with fixed incident angle at 60o  

The film thickness can provide some insight into the interference effects about the 

thin film oxide layer  [83], which is demonstrated in Figure 4.6. First, let’s take a look at 

the LO peak position. When the thickness of the CoO film is small, below 1 µm, the LO 

peak stayed at 550 cm-1
 and then gradually shift to 580cm-1 as the film becomes thicker. 
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Second, we can observe the interference fringes both below the TO band and above the 

LO band for thicker film layer. This has been discussed by Swallow et al. [83]. As the 

thickness increases, the actual absorption dip from LO and TO is hidden in the shoulder 

of the larger interference minimum. As the film gets thicker, more interference fringes 

appear on both sides of the absorption band, and the spacing between fringes, away from 

band, being inversely proportional to the film thickness. At infinite thickness, the all the 

interference fringes sum up and transform to the “Restrahlen” band which is 

characterized by the TO and LO band [90, 92], as shown in Figure 4.7. 
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Figure 4.7 P-polarized reflectance spectrum for CoO with infinite thickness, the angle of 
incidence is 60o 

4.3.3 Specular Reflectance Spectra of Single Crystal 

The CoO single crystal sample was purchased from MaTecK, and has the size of 

5mm×5mm, with a thickness of 0.5 mm or 500 µm.  From thickness dependence study, 

we could conclude that 500 µm is too thick for the transmittance measurement. It is also 
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too thick to get the TO and LO directly from the reflectance spectra. Therefore, we 

performed the small angle reflectance measurement on the CoO single crystal first and 

then carried out the Kramers-Kronig analysis on the reflectance data obtained, to get the 

refractive index and dielectric constant of CoO. However, since the lowest frequency that 

the FTIR in our lab can reach is 400 cm-1, we first used the loss function to get the 

maximum of Im(-1/ε) from the dielectric constant, which give the value of the LO 

frequency. Then the TO peak position can be calculated using equation 4-12. Figure 4.8 

is the reflectance spectrum of CoO single crystal with incident angle at 25o. From the 

spectrum, we could not observe the low frequency part of the Restrahlen band which is 

below 400 cm-1. Also, we used the data between 6000 and 400 cm-1 to for the KK 

analysis, since the data above 6000 cm-1 involves too much noise. 
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Figure 4.8 Reflectance spectrum of CoO single crystal with incident angle at 25o

 

Figure 4.9 shows the calculated real and imaginary part of the refractive index n 

and κ, respectively, for CoO. It also plotted the spectrum in Im(-1/ε), with the maximum 
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value at 579 cm-1, which corresponds the LO frequency. By using the Lydenne-Sachs-

Tellers relationship, the TO peak position was determined to be at 370 cm-1. These values 

will be used as the initial values to perform the Lorentz fitting and the factorized fitting.  
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Figure 4.9 Calculated real and imaginary part of the refractive index, n and κ 

respectively for CoO, and the imaginary part of -1/ε 

The Lorentz oscillator model fit to the experimental reflectance spectra is shown 

in Figure 4.10. The resonance frequency ωj and the damping constant γj are the 

parameters used to fit the reflectance spectrum. The resonance frequency in equation 3-9 

describing the TO phonon mode was determined at 373.1 cm-1. It also gave us the LO 

phonon at 584.3 cm-1. Figure 4.11 gives the spectra for the imaginary part of the 

dielectric constant, which indicates the TO phonon mode; the spectra in the imaginary 

part of 1/ε is also plotted in Figure 4.11, which shows the position of the LO phonons. 
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Figure 4.10 Experimental reflectance data and the model fit based on Lorentz model 
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Figure 4.11 Spectra in ε2 and Im(-1/ε) of CoO from Lorentz oscillator model, showing 
the positions of the TO and LO phonon modes, respectively 
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In the factorized model, which was described in equation 4-13, four fitting 

parameters were used. They are the resonance frequencies and damping constants of the 

TO and LO optical modes respectively. Figure 4.12 shows the fitting result from the 

factorized model. The TO and LO peak position was calculated to be at 352.4 and 

583.5cm-1.  
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Figure 4.12 Experimental reflectance data and the model fit based on Factorized model 

Table 4.1 lists the parameters describing TO and LO phonon mode frequencies 

obtained from KK analysis, Lorentz oscillator and factorized models, and also values 

from literature. In our calculations, the LO peak doesn’t show much difference when 

using different calculations; however the TO peak from the factorized model has a much 

smaller value, ~20 cm-1 difference compared to the results from KK and Lorents fitting. 

Also, the results from our study showed larger frequencies than the reported values. This 

could be explained that, the fitting parameters could vary a lot based on the reflectance 
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spectra obtained from the experiment. In general, the factorized model was considered to 

have better fitting over the Lorentz model, because it provides more adjustable 

parameters one can directly get the LO frequency from the fitting [93, 94], however, 

people also argued that the Lorentz oscillator can retain higher sensitivity in describing 

the phonon modes [95]. The results from different model fittings of the reflectance 

spectra are inconsistent. Moreover, the transmittance and reflectance measurement are 

not good for powder samples. This gave us the motivation to find a more convenient and 

effective technique to characterize CoO. 

Table 4.1 Comparison of the TO and LO phonon mode frequencies of CoO obtained 
from KK analysis, Lorentz oscillator, factorized models and results from 
literature 

 
KK 

Analysis  
Lorentz 
Model 

Factorized 
Model 

Ref [41] Ref [42] 

ωTO (cm-1) 370 373.1 352.4 350-347 335.7 

ωLO (cm-1) 579 584.3 583.5 547-544 562.1 

 

4.3.4 Transmittance Spectra and ATR Spectra 

For the CoO powder sample, we performed the transmittance measurement on the 

CoO/KBr pellet as well as the ATR measurement of CoO, shown in Figure 4.13. Both of 

these two configurations provide information on the transmittance of the CoO. This could 

explain that why the two curves in Figure 4.13 show similar feature, with strong 

absorption band below 500 cm-1. The ATR spectrum has strong noise signal at frequency 

lower than 450 cm-1 which comes from the Ge ATR background. We have concluded that 

when the sample is thicker than ~3 µm, the absorption from CoO would be too strong to 
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observe distinct peaks from the transmittance spectrum. This explains that why we only 

observe the transmittance decrease at lower frequency, but no peaks were found.  
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Figure 4.13 Transmittance spectrum of CoO pellet and ATR spectrum of CoO powder 
 

4.3.5 Diffuse Reflectance Spectra  

Diffuse reflectance FTIR was also employed to measure the LO spectrum of CoO 

powders. The TO phonon of CoO cannot be accessed by our system due to the limit of 

beam splitter and detector. Figure 4.14 shows the spectra of CoO obtained from 10-µm 

Co3O4 powders, similar spectra were also observed in CoO decomposed from 50-nm 

Co3O4 nanoparticles and commercial CoO from Sigma-Aldrich. Based on the DRFTIR of 

Co3O4 and previous study, the broad peak center at 510 cm-1 is assigned to the LO of 

CoO, which is very close to the spectrum reported by Tang et al. [30]. A weak peak of 

Co3O4 phonon at ~656 cm-1 can also be seen in Figure 4.14 in CoO without H2 treatment.  
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Figure 4.14 Diffuse reflectance FTIR of CoO powder before and after H2 treatment 
 

 

Figure 4.15 XRD of CoO powder before and after H2 treatment 
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Figure 4.15 shows the corresponding XRD spectra, no Co3O4 can be observed, 

indicating that DRFTIR is a more sensitive technique than XRD. A side effect of 

annealing in H2 is that a small amount of metallic Co was also produced, as revealed by 

XRD.   To further confirm the phonon spectrum of CoO and its relationship with that of 

Co3O4, we gradually oxidized CoO powders by heating in air on a hot plate and 

monitored the evolution of spectrum. Figure 4.16 shows the DRFTIR spectrum after CoO 

was heat-treated for 2 hours at 300o C, 500o C and 800o C. 
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Figure 4.16 Diffuse reflectance FTIR of CoO powders after heat treatment at 300o C, 
500o C and 800o C for 2 hours in air 

It is well-known that CoO will transform to Co3O4 when oxidized in air. This 

transformation can be clearly seen: phonons of Co3O4 grow and the broad absorption 

feature of CoO begins to decrease when the temperature increases. This structural 

transition is also captured by XRD in Figure 4.17, except that no Co3O4 was detected at 
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300o C although two TO bands of Co3O4 are very visible, which further confirms that 

FTIR is a more sensitive technique than XRD. An interesting observations is that unlike 

DRFTIR of Co3O4 powders, TO is much stronger than LO at the early oxidation stages. 

This is because Co3O4 starts from a thin shell on CoO core due to the oxidation of CoO 

particles in air. For a thin shell or film, TO is the dominant feature of spectrum, similar to 

the transmittance spectra shown in Figure 3.2. 

 

Figure 4.17 XRD spectra of CoO powders after heat treatment at 300o C, 500o C and 800o 

C for 2 hours in air 

Our observed CoO LO frequency of 510 cm-1 is at least 50 cm-1 lower than those 

obtained from reflectance measurement of single crystals or thin films, but this value 

agrees well with ab initio calculation [43], and two-phonon Raman [54]. The Raman 

spectra of CoO will be discussed in Chapter 5. Note that according to phonon dispersion 

curve [43], the phonon with the highest frequency is not located on the Brillouin zone 
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edges, and it is ~30 cm-1 higher than LO. The two-phonon joint density of states will 

become the largest around this phonon based on the dispersion curve. In other words, the 

peak of two-phonon Raman should be larger than the twice of LO by ~60 cm-1, clearly, a 

LO frequency of more than 560 cm-1 is too high to be in agreement with ~1070 cm-1 two-

phonon Raman.  

4.4 Conclusions 

In this chapter, the angle and thickness dependence transmittance and reflectance 

spectra of CoO thin film was studied using the Lorentz oscillator model. The infrared 

spectrum for CoO shows one TO mode and one LO mode. The reflectance measurement 

was performed on CoO single crystal and by fitting the data, different resonant 

frequencies were obtained when using different fitting models. The LO peak determined 

from the calculation was around 580 cm-1, while the TO peak has the value of 370 cm-1 

and 350 cm-1 when fitted by the Lorentz and factorized models respectively. The CoO 

powders can be identified by a broad IR band around 510 cm-1, which agrees well with 

the theoretical calculation. The spectral evolution of oxides from CoO to Co3O4 was also 

studied, and it shows that the DRFTIR is a more sensitive technique than XRD in 

identifying the impurity of CoO. 
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Chapter 5 Raman Spectroscopic Study of CoO 

5.1 Introduction 

In defect-free CoO single crystal, the first-order phonon Raman scattering is 

forbidden according to the selection rules for the NaCl-type centrosymmetric lattice 

structure. However, the second-order two-phonon Raman scattering is allowed and 

accounting for the phonon dispersion of CoO, and it should appear in the 1000-1100 cm-1 

spectral range. Very different sets of Raman bands were reported by different groups, 

including the peak positions, peak width, the number of peaks and the assignment of the 

peaks. Most commonly reported Raman bands located in between 400 cm-1 and 700 cm-1. 

In contrast, earlier work by Struzhkin et al. showed that CoO does not have any phonon 

Raman bands in the similar range, but has a two-phonon Raman peak at 697 cm-1.  

So here in our study, we performed the Raman scattering measurement on H2 

annealed CoO sample under room temperature and low temperature. We would also 

associate the Raman spectra with the infrared spectra that were previously discussed in 

Chapter 3 for CoO to have a better understanding in the vibrational modes in CoO. 

5.2 Experimental  

In our experiment, back-scattering configuration was used, with an incident angle 

of ~30o. The Raman signal was collected using the Triax550 spectrometer equipped with 

the Spectrum One LN2 cooled detector. The room temperature Raman measurement was 

performed on the H2 annealed powder and CoO film on Co foil, and the low temperature 
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Raman was performed on the CoO film on Co foil, excited by two laser lines, λex= 

473nm and λex=532 nm, with the power of 20 mW measured in front of the sample. The 

samples were prepared following the same procedure described in Capter 3. For the low 

temperature experiment, sample was mounted in vacuum in the low vibration variable 

temperature optical closed cycle refrigerator system, and Raman spectra at four different 

temperatures: 10 K, 100 K, 150 K and 200 K were recorded.  

5.3 Results and Discussion 

5.3.1 Low Temperature Raman Spectra of CoO 

Figure 5.1 shows the Raman spectra of the CoO film on Co foil measured in 

vacuum and at four different temperatures with the 473nm laser excitation with power of 

20mW, focused by a cylindrical lens. The room temperature Raman spectrum of CoO (in 

Figure 5.2) is essentially the same as the spectrum obtained at 200 K. The room 

temperature to 200K Raman spectra of pure CoO, in which CoO is in paramagnetic state, 

are dominated by a broad band at ~1077 cm-1, which is consistent with the expected 

second-order Raman scattering from optical modes in CoO. When the temperature goes 

below 150 K, two sharp peaks at 216 and 296 cm-1 were observed, which are attributed to 

the magnetic excitation in the antiferromagnetic CoO because the intensity is dependent 

on the temperature [54]. Sharp peak around 697 cm-1 was observed, which was due to the 

impurity of the Co3O4 in the CoO film. Previous study also observe this peak and 

assigned it to two-phonon Raman of CoO. To investigate the origin or this line, we 

performed measurement at room temperature in H2 treated CoO powder. 
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Figure 5.1 Raman spectra of CoO excited with a 473 nm laser line of 20 mW at different 
temperatures: 10 K, 100 K, 150 K and 200 K 

5.3.2 Room Temperature Raman Spectra of CoO 

Figure 5.2 shows the Raman spectrum of CoO before and after the illumination of 

larger laser power (70 mw) for 2 minutes. The sharp line at ~685 cm-1 was only observed 

after laser heating, indicating that this line originates from Co3O4 due to partial 

oxidization of CoO by local laser heating. Figure 5.2a also shows the difference in 

Raman with two laser lines. A spectral shift of Raman band can be observed when the 

excitation energy is changed. The laser with higher energy (473 nm) induced the Raman 

shift at 1077 cm-1 while the laser with lower energy (532 nm) has a Raman shift at 1046 

cm-1, which is a characteristic of two-phonon Raman [96-98]. When the CoO powder was 

further illuminated under 200 mW for 5 minutes, more Co3O4 was formed by the laser 

heating effect, shown in Figure 5.3, with two more peaks showing at 479 and 511 cm-1.  
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Figure 5.2 Raman spectra of (a) CoO excited with 473 nm and 532 nm laser lines and (b) 
CoO excited with 20 mW 473 nm after exposure to 70 mW 473 nm laser 
beam 
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Figure 5.3 Raman spectra of CoO after exposure under 200 mW laser for 5 minutes 
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5.4 Conclusions 

We have performed the Raman measurement of CoO and demonstrated that CoO 

can be represented by a two-phonon peak at ~1070 cm-1 at room temperature, as well as 

magnon lines below 300 cm-1 when temperature was below 150 K. At this point we 

suggest that the ultimate Raman test for confirming the presence of CoO in a cobalt oxide 

mixture is the measurement of the magnetic excitation lines at low temperatures (<150 K). 

The two-phonon Raman band and the LO band in the infrared spectrum agree well with 

theoretical calculations. Intensity of laser excitation should be kept low in CoO Raman 

scattering in order to avoid thermal oxidation of CoO.  
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Chapter 6 Photoluminescence Spectroscopic Study of Co3O4 

6.1 Introduction 

Co3O4 is generally accepted as a direct band gap semiconductor, with two optical 

band gaps in the visible range, with band gap energy at ~1.5 eV and ~2.1 eV. This visible 

band gaps make it possible that Co3O4 can work as a potential photocatalyst in water 

splitting process [99, 100]. The room-temperature photoluminescence spectra in the 

visible and near-infrared range have been reported recently on the Co3O4 nanostructures. 

Nevertheless, when people measured the ellipsometric spectrum and absorption spectrum 

from Co3O4 thin films, additional band gaps were observed at lower energy. The 

minimum band gap presented was ~0.74 eV, and multiple absorption bands were found 

below 1 eV for Co3O4 thin films. The corresponding PL signal in the infrared range was 

detected at 10 K by Qiao et al. [68]. 

In our study, first we investigated the absorption spectra of Co3O4 film and Co3O4 

powders in a wide spectral range, including UV, visible and infrared from 190 nm to 

3300 nm (or 6.53 eV to 0.376 eV). The band gap was calculated based on the absorption 

spectrum obtained. Photoluminescence measurement was performed under different 

temperatures on the Co3O4 thin film sample on Co plate, both in the visible and near-

infrared range. 

6.2 Experimental 

The absorption spectrum was measured using the Hitachi U2001 UV-Vis 

spectrophotometer, the Agilent Cary 5000 UV-Vis-NIR spectrophotometer and the 
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Thermo Nicolet is50 FTIR for different wavelength region. Co3O4 commercial powder 

from Sigma-Aldrich was measured using the diffuse reflectance configuration, by the 

Cary 5000 equipped with internal integrating sphere (BaSO4). The absorbance can be 

derived using the KM function in equation 2-3. Transmittance configuration was used on 

Co3O4 thin film, on double side Si for the infrared range. Transmittance can be converted 

to absorbance using equation 2-2. To derive the optical band gap, we need to convert the 

wavelength from nanometer to photon energy in electronvolt using 

        

hc
E hν

λ
 

,           (6-1) 

where h is the Planck constant and c is the speed of light in vacuum. Then the optical 

band gap values can be obtained by extrapolating the linear region of the Tauc’s plot of 

hν vs. (αhν)γ plots [101]. Here, γ equals to 2 when it is a direct band gap material, and γ 

equals to ½ when it is an indirect band gap material. 

The experiment setup used for photoluminescence measurement is similar to the 

various temperature Raman measurement, which was discussed in Chapter 5. The 

photoluminescence experiment was carried out using the back-scattering setup, with the 

excitation at λex=473 nm and λex=532 nm. PL spectra was measured on the Co3O4 thin 

film on Co plate, using the Triax 550 spectrometer at different temperatures from 10 K to 

room temperature (297K). The visible PL spectra were recorded using the Spectrum One 

LN2 cooled detector, and the infrared spectra were recorded using the solid state IGA 

detector with a lock-in amplifier and optical chopper, with a frequency of 120 Hz, at 

which the optimal signal was achieved. 
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6.3 Results and Discussion 

6.3.1 Band Gap Study of Co3O4  

The KM function of the Co3O4 powders were obtained from the diffuse 

reflectance spectrum, and the corresponding Tauc plot was shown in Figure 6.1. By 

calculating the band gap, four distinct direct optical gaps were clearly revealed with 

energies at 0.73, 1.18, 1.45 and 2.39 eV respectively. From Figure 6.2, we can see that 

the lowest energy transition band exhibited three peaks, which is similar to the results 

from Qiao et al. [68].   
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Figure 6.1 (Fhν)2 as a function of photon energy (hν). The intercepts of extrapolated 

straight lines give the corresponding direct band gaps of Co3O4 powders at 
0.73, 1.18, 1.45 and 2.39 eV 
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Figure 6.2 Same spectrum of (Fhν)2 as a function of photon energy (hν) near the band 
gap region, where three additional peaks can be seen, as indicated by the 
black arrow 
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Figure 6.3 Tauc plot of the transmittance spectrum from Co3O4 thin film on Si.  The red 
dash line indicates there is a direct band gap at 0.78 eV 
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Furthermore, the transmittance spectrum of 100nm-thick Co3O4 on Si substrate 

was obtained by FTIR, the absorption coefficient was converted and the band gap of the 

lowest energy was calculated to be ~0.78 eV, as shown in Figure 6.3 by the red dash line, 

which is in good agreement with the result of the Co3O4 powder. However, the Si 

substrate has the band gap energy at 1.1 eV, which poses the limitation to explore the 

transmittance curve and the visible band gaps of the Co3O4 film on Si at higher energy 

range in our study. 

 

6.3.2 PL Study on Co3O4 

For the PL measurement of Co3O4 film on cobalt plate, firstly the Raman 

measurement was conducted at the same spot to identify the composition of the sample. 

Figure 6.4 shows the typical Raman spectrum of Co3O4, which was obtained in our 

experiment excited by a 473 nm laser line. Four Raman peaks were observed at 483, 522, 

621 and 694 cm-1, and it is in good agreement with [46]. Note that the notch filter we 

used in the experiment has a cut off frequency of 200 cm-1, which prevented us from 

seeing the Raman peak at 192 cm-1 for Co3O4. No PL emission in the infrared range was 

observed for Co3O4, although the lowest band gap energy was measured to be ~0.75 eV. 

The room temperature PL spectra in the visible range were recorded and shown in Figure 

6.5. By performing the Gaussian fit on the experiment data, two PL peaks were observed 

at 590 nm and 640 nm. However, the intensity of these two decomposed peaks varied 

from spot to spot, indicating that these emissions could be defect-induced PL signals. 

When the temperature was decreased, no obvious shift was observed in the spectrum. 
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Figure 6.4 Raman Spectrum of Co3O4 film on Co, excited by a 532 nm laser line, with 
the power of 30 mW.  
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Figure 6.5 PL spectrum of Co3O4 film on Co plate, recorded at room temperature by 473 
nm laser at 70 mW 
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6.4 Conclusions 

The band gap and photoluminescence spectra of Co3O4 were studied. The diffuse 

reflectance of Co3O4 powders were measured and four direct band gaps were obtained, 

with the smallest band gap at ~0.75 eV. However, the PL spectra did give any 

corresponding infrared emission. Visible PL emission bands were observed at room 

temperature and low temperatures. The visible band can be decomposed into two bands 

centering at 590nm and 640nm, which corresponded to 2.10 eV and 1.94 eV respectively. 

However, the intensity of these PL bands varied from point to point. Therefore, further 

study need to be conducted to investigate the mechanism of the visible PL emission.  
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Chapter 7 Photoluminescence Spectroscopic Study of CoO 

7.1 Introduction 

CoO has attracted significant interest due to the exceptional performance and 

potential application as the photocatalyst in water splitting process. Most studies showed 

that CoO is a semiconductor, with a direct band gap of about 2.5-2.8 eV via the UV-Vis 

absorption spectrum and the photocatalytic properties of CoO have been investigated 

using the visible light. However, only few people have studied the photoluminescence 

spectra of CoO. The low-temperature PL spectrum of CoO pellet (pressed using CoO 

powder from Sigma Aldrich) was studied by using synchrotron radiation, and visible 

emission at 3 eV (~414 nm) were observed [72]. Earlier reported on the low temperature 

cathadoluminescence spectrum of CoO has shown the emission in both visible and 

infrared range, with peaks at ~2.7 eV and ~0.8 eV respectively. 

Here in our study, we presented the study of the band gap of CoO in a broad 

spectral range. The UV-Vis-IR diffuse reflectance measurement was performed on the 

CoO powder which was thermally decomposed from Co3O4. At the same time, the 

transmittance spectrum was obtained from the CoO single crystal from UV to infrared. 

Photoluminescence spectroscopic study was performed on the H2 treated CoO film on Co 

plate, as well as the CoO single crystal in the visible and infrared range.  

7.2 Experimental  

The CoO powder samples and the CoO film on Co were prepared using the same 

method as the samples for FTIR and Raman experiment. The CoO single crystal from 
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MaTecK has a thickness of 0.5 mm, which was too thick for the transmittance 

measurement. Therefore, it was polished using the 9 µm and 0.3 µm Al2O3 abrasive disk 

to achieve a thickness of ~100 µm with optically smooth surface. The measurement 

technique and the spectrometers used were the same as discussed in Chapter 6 for Co3O4. 

Photoluminescence experiment were performed at different temperature in the visible and 

infrared range for CoO. Raman spectrum was recorded first to confirm the sample was 

CoO, without seeing the peak at ~690 cm-1 which is from Co3O4. 

7.3 Results and Discussion 

7.3.1 Band Gap Study of CoO 

1 2 3
0

500

1000

 

 

(F
h
)

2

h(eV)

1.98eV 2.60eV

 

Figure 7.1 (Fhν)2 as a function of photon energy (hν). The corresponding direct band 
gaps of CoO powders were determined at 1.98 eV and 2.60 eV. 

Figure 7.1 shows the Tauc plot of the CoO powder, and two direct band gaps in 

the visible range were derived, at 1.98 eV and 2.60 eV. These results are in good 
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consistence with values in the published work. If we look into the lower energy part 

below 1.5 eV, an additional direct band gap at 0.84 eV could be observed, as shown in 

Figure 7.2. 
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Figure 7.2 Same spectrum of (Fhν)2 as a function of photon energy (hν) below 1.5 eV. 
Direct band gap at 0.84 eV can be observed for CoO powder 

As a comparison, the transmittance spectrum of CoO single crystal was measured, 

and the absorbance was calculated to obtain the band gap of the single crystal samples. 

However, the maximum transmittance of the CoO single crystal was as low as 0.3% 

before polishing. As a result, we polished the sample using abrasive disks, and the final 

thickness was estimated to be ~100 µm. Figure 7.3 and Figure 7.4 showed the calculated 

Tauc plot for the single crystal in the visible and infrared range. 
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Figure 7.3 Tauc plot of CoO single crystal in the visible range. Direct band gap at 1.80 
eV and 2.61 eV were indicated by the red dash line 
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Figure 7.4 Tauc plot of CoO single crystal in the infrared range. Direct band gap at 0.82 

eV was indicated by the red dash line 
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From the two figures above, we can see that the CoO single crystal shows three 

direct band gaps, at 0.82 eV, 1.80 eV and 2.61 eV, which are similar to what we observed 

from the CoO powder samples. These optical gaps are larger than the band gaps of Co3O4 

from Chapter 6.  

7.3.2 PL Study of CoO 

PL spectra of CoO were recorded at various temperature, and the Raman spectra 

were collected at the same spot to identify the composition of the sample. The PL spectra 

of CoO in the visible range were collected first, and no emission band were observed. 

Figure 7.5 shows the PL spectra of the H2 treated CoO film on Co plate in the infrared 

range, collected using the DSS detector with a 532 nm laser at 100 mW. Figure 7.6 gives 

the PL spectra of the CoO single crystal measured at the same condition. 

1400 1500 1600 1700

0.00

0.05

0.10

In
te

ns
ity

Wavelength(nm)

 10K
 30K
 50K
 90K
 150K

1513nm

0.9 0.85 0.8 0.75

 

h(eV)

 

Figure 7.5 Photoluminescence spectra of CoO film on Co plate at various temperatures 
from 10 K to 150 K. Infrared emission centered at 1512 nm was observed 
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Figure 7.6 Photoluminescence spectra of CoO single crystal at various temperatures from 
10 K to 150 K. Infrared emission centered at 1510 nm was observed 

From the above two figures, both CoO film and CoO single crystal showed the 

photoluminescence signal in the infrared range and the emission bands are in good 

agreement with the results in [70], where the low temperature infrared CL emission at 

~0.8 eV was presented. Infrared PL emissions at 1513 nm (0.820 eV) and 1510 nm 

(0.822 eV) were observed for the CoO film on Co plate and CoO single crystal 

respectively. These results are also in consistent with the band gap we calculated for CoO 

powder and single crystal. The intensity of the PL emission was greatly dependent on the 

temperatures, for both CoO samples. Take the CoO film for example, as the temperature 

was increased, the intensity of the PL signal gradually decreased, and when the 

temperatures was further increased to over 150 K, no PL signal could be detected and this 

also happens for the CoO single crystal. No PL shift was observed as the temperature 
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changed. The CoO film shows stronger emission, which is about four times stronger than 

the PL emission from the single crystal. 

7.4 Conclusions 

In this study, the photoluminescence spectra of CoO, including the CoO film on 

Co plate and the CoO single crystal were characterized. The band gaps of CoO were 

measured from ultraviolet to infrared, and the minimum band gap of CoO was 

determined to be ~0.82 eV from the Tauc plot. This is in good agreement with the PL 

spectra we obtained. When the temperature is below 150 K, infrared PL emission at 

~1510 nm was detected. The peak intensity is greatly dependent on the temperature and 

no PL shift was observed. No PL emission in the visible range was observed for CoO for 

any given temperature. 
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Chapter 8 Conclusions and Recommendations 

The focus this dissertation is the optical characterization of the cobalt oxides, 

Co3O4 and CoO by FTIR, Raman scattering and photoluminescence spectroscopy. This 

work is an effort towards understanding the vibrational modes, oxidation mechanism, 

surface morphology, band structure and photocatalytic performance of cobalt oxides.  

8.1 Conclusions 

8.1.1 FTIR Spectra of Co3O4 

The infrared spectra of Co3O4 was studied by the transmittance, reflectance, ATR 

and diffuse reflectance configurations via FTIR spectroscopy to identify the phonon 

modes of Co3O4. The results demonstrate that all the four phonon modes above 500cm-1 

can be observed in the films and powders, including two TO modes and two LO modes. 

In order to observe the LO phonon modes in the transmittance and reflectance spectra, 

large oblique incident angles have to be used so that the LO phonons can be coupled to 

the electrical field. The experiment results are in good agreement with the calculation 

results based on the Lorentz oscillator models. In addition, when using reflectance mode, 

the interference effect between the Co3O4 film and the substrate could cause the shift in 

the position of the phonon modes. For the powder samples, DRFTIR is a more 

convenient and effective method to observe all the phonon modes. When this technique 

was used for Co3O4 powders with different sizes, the LO/TO intensity ratio was observed 

to increase when the average particle size decreases. This is because that the DRFTIR 
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involves multiple reflections and transmissions. In other words, it is similar to the 

transmittance and reflectance measurement with large incident angles. 

8.1.2 FTIR Spectra of CoO 

With the help of the DRFTIR technique, the LO mode of CoO powder was 

studied. Our observed LO frequency for CoO is at 510 cm-1, which agrees well with ab 

initio calculation and two-phonon Raman. We also studied the spectral evolution of 

oxides from CoO to Co3O4 to further confirm the spectrum of CoO and its relationship 

with that of Co3O4. The TO modes are much stronger than LO at the early oxidation 

stages for Co3O4 because the Co3O4 starts to form from the surface. By comparing 

with the XRD results, the DRFTIR technique was confirmed to be a more sensitive 

technique than XRD. The reflectance and transmittance spectra of CoO thin film were 

also calculated. Moreover, the reflectance spectrum of the CoO single crystal was 

measured. The experiment data was then analyzed and fitted, to get the TO and LO 

bands. However, the calculated positions for the LO and TO phonons differ when 

using different models.  

8.1.3 Raman Spectra of CoO 

The Raman Spectra of CoO was studied under various temperatures. At room 

temperature, CoO can be characterized by a two-phonon peak ~1060 cm-1.This is in good 

agreement with the LO phonon we obtained from the DRFTIR measurement of CoO 

powders. This Raman band would shift when excited by lasers with different 

wavelengths, which further confirms that it comes from the second order Raman 

scattering. When the temperature is lower than 150K, additional sharp lines which are 

due to the magnetic excitations can be observed. These strong Raman bands can be used 
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to test and confirm the presence of CoO. Laser intensity should be kept low to avoid the 

laser heating effect of CoO. When CoO starts to get oxidized and transform to CoO, 

Raman peaks between 400 and 700 cm-1 will start to show. 

 8.1.4 Photoluminescence of Co3O4 and CoO 

In our study, we examined the band gaps and the PL spectra of Co3O4 and CoO. 

For Co3O4, we observed four direct band gaps by obtaining the diffuse reflectance 

spectrum of the powder sample with lowest band gap was at ~0.75 eV. However, no 

corresponding infrared PL emission was observed. On the contrary, two visible PL 

signals were detected at both low temperature and room temperature. 

For CoO, we examined the band gaps of powder sample and CoO single crystal. 

Both of them show one band gap in the infrared, ~0.8 eV and two band gaps in the visible 

range. The infrared band gap was further confirmed by the PL results at low temperature. 

When the temperature is below 150 K, PL emission at ~1510 nm was observed.  

8.2  Recommendations for Future Work 

The DRFTIR experiments were performed on the CoO powders and we have 

assigned the broad absorption band at 510cm-1 to be the LO band. However, the fitting 

results from the reflectance measurement on CoO single crystal gave a LO band at 

~580cm-1.  Investigation on the shift of the LO bands obtained from different samples and 

different experiment configurations are necessary to study the phonon vibrations in CoO. 

Moreover, the transmittance and reflectance spectra of CoO thin film samples (<10 µm) 

were only obtained by calculations from theoretical oscillator model. Since the 

transmittance spectrum is the most straightforward experimental configuration of FTIR 
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for thin film samples, more effort should be made on the synthesis of CoO thin film. 

Raman measurement at low temperature can be used as a probe to confirm the existence 

of CoO in the film. 

The band gaps and photoluminescence spectra of Co3O4 and CoO were studied. 

However, these are the preliminary experiment results, which require further experiments 

on samples with other morphologies. The assignment of the electronic transitions for 

different band gaps, the mechanism of the PL emission and the relationship to the 

photocatalytic properties need to be further studied. 
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Appendix 

1. Matlab Coding 

The matlab code for the calculation of the phonon modes are shown below. 

i. Transmittance and Reflectance of Thin Film Samples 

clear; 

i=1; 

%%parameters for CoO(einf=5.3; gamma=3; vi=350; rho=7.7) 

%%parameters for Co3O4 

v=[657 565 392 242 216 208]; 

gamma=[16.6 25.9 9.0 2.0 5.2 5.8]; 

rho=[0.16 0.62 0.07 0.02 0.15 0.11];    

theta=0*pi/180;   %% Incident Angle 

d2=0.1*10^-6;   %% Thickness of cobalt oxide film 

n1=1;   %% Refractive index of air 

i=1; 

for w=400:1:800  %% Wavenumber plotted as x-axis in cm-1 

      lamda=0.01/w;  %% Corresponding wavelength in m 
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      %%%define refractive index for Co%%%  

      nCo=4.78174+(58.35674-4.78174)/(1+exp((w-83.98901)/298.43314)); 

      kCo=8.03049+(2018.75176-8.03049)/(1+exp((w+2432.65942)/761.10024)); 

      n3=nCo+1j*kCo; 

      %%define refractive index of CoO%% 

      %epsilon=einf+4*pi*rho*vi^2/(vi^2-w^2+1j*gamma*w); 

      %n2=real(sqrt(epsilon))-1j*imag(sqrt(epsilon)); 

       %%%%define refractive index for co3o4 

      for p=1:6 

      epsilon(p)=rho(p)*v(p)^2/(v(p)^2-w^2+1j*gamma(p)*w); 

      end 

      dielectric=5+sum(epsilon); 

      n2=real(sqrt(dielectric))-1j*imag(sqrt(dielectric)); 

      %%n3=1 when calculate transmittance 

      %%calculate p-polarized light 

      rp12=(n1*sqrt(1-(n1*sin(theta)/n2)^2)-n2*cos(theta))/(n1*sqrt(1-

(n1*sin(theta)/n2)^2)+n2*cos(theta)); %%reflectance at top interface 

      c2=sqrt(1-(n1*sin(theta)/n2)^2); 
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      beta2=2*pi*n2*d2*c2/lamda;  %% phase change 

      rp23=(n2*sqrt(1-(n1*sin(theta)/n3)^2)-n3*c2)/(n2*sqrt(1-

(n1*sin(theta)/n3)^2)+n3*c2); %%reflectance at bottom interface 

       rp123=(rp12+rp23*exp(2*1i*beta2))/(1+rp12*rp23*exp(2*1i*beta2)); 

      Rp(i)=(abs(rp123))^2; 

      %%calculate P-polarized transmittance 

      tp12=2*n1*cos(theta)/(n1*sqrt(1-(n1*sin(theta)/n2)^2)+n2*cos(theta)); 

      tp23=2*n2*sqrt(1-(n1*sin(theta)/n2)^2)/(n2*sqrt(1-

(n1*sin(theta)/n3)^2)+n3*c2); 

  Tp(i)=n3*(abs(tp12*tp23*exp(1j*beta2)/(1+rp12*rp23*exp(2*1j*beta2))))^2/n1; 

    i=i+1; 

  end 

plot(400:800,Tp,'b') 

ii. Oscillator Fitting of Reflectance Spectrum of CoO Single Crystal 

function [object]=error1(x) 

data=load ('C:\Users\Yang\Desktop\Data.txt)  %%load experiment data 

epsInfi = 5.3; 
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%%Fitting parameters for Lorentz oscillator model 

wTo          = x(1); 

gammaTo      = x(2); 

sum     = 0.0;  

for i = 1 : length(data)         

      w = data(i,1); 

      dielecConst = epsInfi + (7.7 * wTo^2) / (wTo^2 - w^2 + 1j * gammaTo * w); 

      n = sqrt(dielecConst); 

      nReal = real(n); 

      nImag = imag(n); 

    R=(abs((cos(25*pi/180)*(nReal+1j*nImag)-sqrt(1-

(sin(25*pi/180)/(nReal+1j*nImag))^2))/(cos(25*pi/180)*(nReal+1j*nImag)+sqrt(

1-(sin(25*pi/180)/(nReal+1j*nImag))^2))))^2;  %%Calculated reflectance data 

    sum=sum+(R - data(i,2) / 100)^2; %%find the best fitting result 

end 

object=sum; 

return 

iii. Kramers-Kronig Analysis 

clear; 

data=load('C:\Users\Yang\Desktop\data.txt'); 

x=data(1:3:11615,1); 

y=data(1:3:11615,2)*0.01; 
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a=x(1); 

ra=y(1); 

b=x(3872); 

rb=y(3872); 

A=[log(abs((a+x(831))/(a-x(831)))) log(abs((b+x(831))/(b-

x(831))));log(abs((a+x(623))/(a-x(623)))) log(abs((b+x(623))/(b-x(623))))]; 

c=[0.1011;0.1202]; 

X=A\c;  %%find the values of A and B in equation 4-10 

for p=1:3872 

    aa=0.1724*log(abs((x(p)+a)/(x(p)-a))); 

    bb=0.0238*log(abs((x(p)+b)/(x(p)-b))); 

    for q=1:3872 

        if q<p || q >p 

            t(q,1)=((log(y(q))-log(y(p)))/(x(p)^2-x(q)^2)); 

        else 

        end 

    end 

    Theta(p)=trapz(x(1:3872),t)*x(p)/pi+aa+bb;  %%calculate the integration in 

equation 4-5 

    n(p)=(1-y(p))/(1+y(p)-2*cos(Theta(p))*sqrt(y(p)));  

    k(p)=(2*sin(Theta(p))*sqrt(y(p))/(1+y(p)-2*cos(Theta(p))*sqrt(y(p)))); 

end 
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2. Derivation from Factorized Model to Lorentz Model for CoO 

The factorized model is described in equation 4-13 that 

.                                      (a-1) 

For CoO, which has only one TO phonon and one LO phonon, at zero frequency 

the above equation can be simplified to 

     

2
LOj

2
TOj

(0) 


  


,          (a-2) 

which is called Lydenne-Sachs-Tellers relationship. Hence, 2
LOj can be written as 
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 From the Lorentz model in equation 3-9, we can obtain the zero frequency 

dielectric constant  

(0) 4     .            (a-5)  

 So equation a-4 can be rewritten as 
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and then we can derive that 
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which is the Lorentz oscillator model. 
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