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ABSTRACT 

The purpose of this study is to characterize the structural and optical properties of a 

number of disordered carbon materials using the non-destructive optical techniques of 

Raman and photoluminescence spectroscopies. The samples were produced with many 

different growth techniques and included microcrystalline graphites, amorphous carbons, and 

synthetic diamond films. A new CCD-based, multichannel Raman system was set up and 

used to measure spectra with very high signal-to-noise in a very short period of time. Micro-

Raman spectroscopy was used to determine the bonding structure of a pulse-laser annealed 

graphite sample. The extent of crystalline structure was quantitatively determined in both 

the planar and stacking directions. A follow-up study on a series of graphitic amorphous 

carbon (GAC) samples confirmed models by showing evidence that GAC contained very 

small hexagonal clusters interconnected by odd-membered rings. Annealing the GAC 

increased the size of the hexagonal clusters and reduced the amount of disorder. A shift in 

the energy position of the main phonon band of graphite has been attributed to a finite-size 

effect. Disorder induced vibrational modes in carbons can vary in intensity and peak 

position depending upon the excitation wavelength used for Raman scattering. This 

resonance Raman phenomena was used to help detect difference in the Raman spectra of 

GAC, amorphous carbon, and disordered synthetic diamond. Continuous wave (CWPL) and 

time-resolved (TRPL) photoluminescence spectroscopies were used to study low level point 

defects and structures in synthetic polycrystalline diamond films. A series of sharp peaks 

observed in the CWPL spectrum of a film produced by Arc-Jet chemical vapor deposition 

vi 



have been attributed to tungsten atoms incorporated during growth. Broadband PL in the red 

wavelength region was determined to be a combination of emissions from vibronics and 

amorphous carbon structure. 

Vll 



LIST OF TABLES 

1.1 Raman selection rules for backscattering from the <111> surface of a 
diamond lattice 12 

1.2 Vibrational frequencies determined with the embedded-ring approach 
valence-force model of carbon rings 33 

1.3 Visible laser lines and rated powers for the Coherent argon and krypton-ion 
lasers 52 

2.1 The thickness of the near-surface n-graphite regions obtained from Eqs. 2.1 

and 2.2 86 

3.1 a-GAC(950°C) 133 

3.2 a-GAC(150''C) 135 

3.3 a-C:H[Weiler#l] 141 

3.4 a-C: no H [DLC233] 141 

3.5 a-C:H [Weiler #5] 144 

3.6 GEC-Marconi Diamond Disc 146 

3.7 Hot Filament CVD Film 150 

4.1 Mean lifetimes, determined using time-resolved PL, of the constituent 
decay processes seen in the Microwave CVD film at various energies 170 

Vlll 



LIST OF FIGURES 

1.1 Feynmann diagrams of scattering processes 5 

1.2 Schematic representation of the hybridization levels of carbon 13 

1.3 Raman spectrum of crystalline diamond 15 

1.4 Phonon dispersion curves for diamond 16 

1.5 Graphite phonon dispersion curves 18 

1.6 Raman spectrum of graphite in the vicinity of Ejĝ  band 19 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation and Introduction 

Carbon materials have long been revered for their oustanding materials properties. 

Diamond is the hardest known material as well as the best thermal conductor and electrical 

insulator. Graphite is a great lubricant, and the potential of fiillerenes has just begun to be 

tapped. These crystalline phases of carbon are very well understood in terms of their 

structure and the resulting mechanical, electrical, and optical properties. As Midas wished 

to turn lead into gold, so have scientists wished to tum graphite and other carbon compunds 

into diamond. For the most part, this wish has become a reality, and diamond can be readily 

made at ambient pressure and reasonable temperatures. New growth techniques such as 

chemical vapor deposition are now capable of producing high quality diamond. This quest 

has also led to the accidental or intentional production of other carbon phases. 

These other phases of carbon have properties in between those of graphite and 

diamond. Whereas graphite is considered a semi-metal with a band gap approaching zero 

and diamond is a wide band gap semiconductor (or insulator) with a band gap of 5.5 eV, 

these new phases have band gaps ranging from 0.5 -3.5eV. Many phases have been shown 

to be very hard, which would promote a multitude of uses. In order to better control grov^h 

parameters and outcomes, a good understanding of these materials is necessary. 

Many different studies and experimental techniques have been used to quantify the 

bonding, optical, and electrical parameters of carbon materials. Although questions still 



remain about some materials, most have been effectively characterized through some 

combination of techniques. Optical characterization techniques such as Raman and 

photoluminescence spectroscopies are frequently employed to determine the materials 

properties. They are preferred characterization methods because they are non-destructive, 

measure bulk properties, and are relatively quick. These advantages have been tempered by 

difficulties in understanding the resulting spectra. It has been found that carbon's disordered 

and amorphous phases can not be easily derived from their crystalline parents. Finite size 

effects and resonant Raman phenomena have complicated stand-alone characterization by 

optical techniques. 

In order to better understand the nature of disordered carbon materials, we have 

undertaken a series of experimental studies using Raman and photoluminescence 

spectroscopy. In Chapter I, we will introduce the Raman scattering process in crystals and 

look at the characteristics ofthe crystalline phases of carbon. We will then look at Raman 

scattering in amorphous materials and show examples of disordered carbon phases. This will 

help to establish where ambiguities have arisen. Photoluminescence of crystalline and 

amorphous carbons will also be discussed. We will then go through a detailed description 

of our experimental set-ups for both multi-channel and scanning Raman systems. 

Continuous-wave (CW) and Time-Resolved (TR) photoluminescence background and 

experimental techniques are also discussed and pertain to the work that v^ll be discussed in 

Chapter IV. In Chapter II, we will give the resuhs of experimental studies done on 

disordered graphite materials, including pulsed-laser annealed graphite and annealed 

graphitic amorphous carbon. This section establishes the usefulness of Raman for disordered 



graphite materials and sets the stage for fiiture carbon studies. Chapter III extends these 

types of measurements to other carbon phases and utilizes resonance Raman techniques to 

further diseminate the variety of amorphous phases. Chapter IV is a departure from only 

Raman characterization as it is a look at low level defect impurities and structures in CVD 

diamond fihns using CWPL and TRPL spectroscopies. These techniques have allowed for 

the successfiil classification of several defect related PL features and helped to etsablish the 

origin of some ofthe disorder found in these types of materials. 

Many different carbon samples will be discussed throughout the paper. In order to 

minimize confusion, a description ofthe samples and preparation techniques will occur in 

the first section in which the sample is discussed. In addition, previous work in the various 

areas will be discussed in the appropriate chapter. For convenience, references are given 

after each chapter. 

1.2 Crystalline Carbon Phases 

1.2.1 Raman Theorv 

The majority ofthe characterization that will be discussed in Chapters I, II, and III 

of this text was done by Raman spectroscopy. Raman spectroscopy was predicted and 

observed in 1928 by Chandrasekhar Raman.''^ His first measurement utilized sunlight as the 

light source, a telescope as the collector, and his eyes as the detector. In this way, he 

determined that when light was scattered by a material, some of the light had a different 

wavelength than the incoming light (in addition to possible luminescence). This strange 

phenomena would eventually make it possible to learn about the structure ofthe material in 



a non-destructive manner. The technique became practical and wide-spread after the 

invention ofthe laser. 

Raman scattering, at its most basic level, is simply an example of two ofthe most 

important laws of physics: the Conservation of Energy and the Conservation of Momentum. 

When a photon is sent into a material, a number of different things can happen. Important 

processes include reflection at the same wavelength (elastic collision or Rayleigh scattered), 

absorption by the material (totally inelastic), or absorption and re-emission by the material 

at a slightly higher or lower energy, e.g. Raman scattered. The Feynman Diagrams in Figure 

1.1 show the (a) Rayleigh scattering process, (b)the Stokes process, and (c) the anti-Stokes 

process. Rayleigh scattering occurs when an incoming photon creates an excitonic state 

which decays by radiating a photon without losing any energy. The wavelength of the 

incoming and outgoing photon is the same. The Stokes' processes begin the same by an 

incoming photon creating an excitonic state. The exciton then undergoes an electron-phonon 

interaction which transforms it mto either a lower (Stokes: phonon created) or higher (anti-

Stokes: phonon annihilated) energy state. Equation 1.1 illustrates the conservation of energy 

of this process 

>.G)= 'ho) ± >iw ( 1 . 1 ) 

where >.G)i is the energy of tiie incoming photon, >.a)sis the energy ofthe scattered photon 

and >.o)p is the energy ofthe annihilated (+) or created (-) phonon. Wavenumbers, in cm 

(1/A,), are the most common unit used to state the energy of a vibrational mode and will be 
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Figure 1.1 Feynmann diagrams of scattering processes, (a) Rayleigh scattering (b) Stokes 
scattering (c) anti-Stokes scattering. Time is increasing to the right. 



used throughout the text. Wavenumbers can be converted to electron volts [eV] by 

multiplying by 1.2395 x IQ-^-eV/cm'. 

Not only does the scattering process conserve energy, it also conserves momentum. 

Equation 1.2 describes the conservation of momentum for 1st order scattering in a crystal: 

>)A:, = >,it̂  ± >>ĝ  + >.CJ (1.2) 

where kj is the momentum of the incoming photon, k, is the momentum of the scattered 

photon, Qp is the momentum ofthe annihilated (+) or created (-) phonon and G is a reciprocal 

lattice vector. 

Since the frequency ofthe scattered photon is much greater than the frequency ofthe 

phonon ( a ) s » "i) in visible Raman, the frequency ofthe excitation and scattered photon is 

approximately the same. Because of this, their crystal momentum is nearly identical (kj = 

kj = k), and the conservation can be expressed as the Bragg condition, 

q, = 2ksin{V2^) =^""^"^ smQA^) (1.3) 
-' c 

where (j) is the angle between the excitation and scattered light propagation directions and 

n(o)) is the index of refraction ofthe medium at o).̂  The k ofthe photons used is on the order 

of 10"* to 10̂  cm-̂  while q̂ ^̂^ is on the order of 10̂  to 10̂  cm ^ This means that in a "perfect" 

crystal, only phonons with qp« 0 participate in P̂  order Raman scattering. This is at or very 

near the center ofthe Brillouin Zone (BZ). 

Now that we have discussed what has happened, it is now important to understand 

why. The incoming (excitation) photon drives tiie system from an initial electronic state n 



and vibrational state v, to a virtual state (n',v'). [In resonance, (n',v') is a real electronic state] 

The system will then relax to a final state (n, v ± 1). Beginning with a semi-classical 

approach, the sinusoidal plane electromagnetic field of an incident photon 

E-E/"^ (1.4) 

couples v^th a lattice vibration through the induced dipole moment. The polarizability of 

the material is given by the tensor x which can be expanded as a Taylor series 

X . =x!°' ^ x ' ^ u , x^' «^ - . (1-5) 

where u is the nuclear displacement caused by a normal vibration and the raised indicies on 

the x's indicate the n* derivative. For a crystalline semiconductor, the normal modes ofthe 

atomic vibrations are quantized into phonons. These atomic vibrations Uj can be written as 

plane waves: 

Uj = Uje""^ (1.6) 

The dielectric polarization (dipole moment per unit volume) ofthe material is given by 

P XE (1.7) 

Therefore, the electric field ofthe incident photon induces a change in the polarization ofthe 

material. The induced polarization is 

P = x^^^^e'̂ '̂ ^X '̂y^o '̂""''" '̂' .X^^X^''"'"'"^"' * - (1-8) 



The first term corresponds to Rayleigh scattering wherein there has been no change in the 

frequency ofthe light. It is essentially an oscillating dipole that radiates Ught at a frequency 

of coj. Typically this describes the majority ofthe scattered light. The second term is the 

first-order Raman scattering which has an intensity on the order of 10'* ofthe Rayleigh 

signal.^ The third term is second-order scattering and corresponds to a process where two 

phonons participate through creation and annihilation. Higher order terms are also possible 

but with diminishing probability. 

An important consideration is the probability of getting Raman scattered radiation. 

The differential scattering cross-section for either Stokes or anti-Stokes scattering is given 

by 

dCldiD 

3 \ 

C J 

n {anti-Stokes) 
nA (Stokes) 

(1.9) 

where Cj and e, are the polarization vectors ofthe incident and scattered light and V is the 

scattering volume, xim is the Raman tensor and the phonon occupation number Uj is given by 

n- [e'"^''' - ir. (1.10) 

From Equation 1.10, we see that the Stokes scattering is more probable and intense. 

In addition to the semi-classical approach shown above, there is also a quantum 

mechanical description ofthe Raman scattering process. This treatment utilizes second-order 

time-dependent perturbation theory. In Figure 1.1 (b) and (c) we see that the Raman 

scattering process involves three steps that can each be written as an interaction Hamiltonian. 

The scattering probability derived^ from Fermi's Golden Rule is given in Equation 1.11 as 

8 



V".) = b[y^^xi^ - >.G) - >ia)J (1-11) 

In the numerator ofthe term under summation, the third term describes the electron being 

driven from an initial state |i> to an intermediate state (n|, which have energies of E; and En, 

respectively. The second term shows the evolution ofthe state as a phonon is annihilated or 

created. The system goes from the first intermediate state |n> to a second intermediate state 

(n' I. The second state has an energy of En.. After the interaction with the phonon, the system 

ends up in a third state as described by the first term. The system goes from the second 

intermediate state |n') back to the original state (i|. Therefore, even though the photon -

phonon interaction is mediated by an electron, the electron is unchanged after the scattering 

process. The energy terms are shown in the denominator. The third energy term has been 

replaced by a delta ftmction which will guarantee energy conservation as required by Raman 

scattering. 

Now that we have discussed the process of Raman scattering, it is now time to look 

at what vibrational modes will be Raman active. Some vibrational modes are either Raman 

or IR active, while others can be both or neitJier. Group theory is used to determme the 

symmetry of a crystal and will show which modes will be Raman active. As an example, we 

will use the diamond lattice (point group O^). Raman tensors have been calculated for all 

crystal symmetries. The Raman tensor, xim. for a diamond lattice (where u ,̂ Uy, and û  are 

the phonons along x, y, and z in the crystal) is 



1 
'o 0 J 

0 0 d 

,-d -d 0, 

: u {T0\ (1.12) 

^ 0 -2d d" 

-2d 0 d 

d d OJ 
:", [TO] (1.13) 

1 
'O dd^ 

d 0 d 

,d d 0, 
••". [m (1.14) 

for q = 0 phonons. Raman measurements are typically done in a backscattering geometry 

wherein the incident and scattered light are in the +z and -z directions, respectively. There 

is a standard notation which is used to describe the scattering and polarization geometry. For 

a backscattering geometry (z-axis) wherein the incident radiation is polarized along x and the 

scattered light is analyzed along y, the notation is written as z(x,y)-z. In our example using 

light incident in the z direction, we define axes: 

X = J-(l-10> 
N/2 

y, - ^(11-2) 
/̂6 

(1.15) 

z, = -^(111) 

10 



The longitudinal optic phonon is taken to be in the z direction and the two transverse optic 

phonons are mutually orthogonal. From Equation 1.9 we find that the intensity, Î , ofthe 

scattered radiation goes as: 

^s '^ k/X^'^J (1.16) 

To find out if a vibrational mode is going to be Raman active in the particular geometry, we 

act on the Raman tensor with the appropriate incident and scattered direction vectors as 

shown in Equation 1.17. 

/ OC J _ | ( i - 1 0 ) - ! : 
^ N/3 

0̂ dd 
d 0 d 

,d d 0> 

1 

y/2 

'o' 
1 

.0, 

(1.17) 

In the notation, this is written as Zi(xi,yi)-Zi and results in a value of (1/3) d̂ . A non-zero 

answer tells us that the mode will be allowed; a zero says that the mode will be forbidden. 

The rest ofthe values for other geometries are given in Table 1.1. From the table we see that 

the longitudinal optic phonon can be observed in two different back scattering geometries 

and the transverse optic phonons will be seen in three. This is important to know because 

later on we will measure diamond which is grown in the <111> direction. 

The selection rules are usually used in the reverse order to determine the structure of 

an unknown crystal. By cycling through enough permutations and finding the vibrational 

mode(s), the symmetry or orientation of the crystal can be determined. Because Raman 

tensors are only derivable for crystals, this will not work for amorphous materials. 

11 



Table 1.1. Raman selection rules for a backscattering geometry from the <111> surface of 
a diamond lattice. 

Polarization 
Configuration 

Zi(Xi,Xi)-Zi 

z,(xi,yi)-Zi 

Zi(yi,yi)-Zi 

Phonon Modes 

LO(zO TO(x,) TO(y,) 

(1/3) d̂  0 (2/3) d̂  

0 (2/3) d̂  0 

(1/3) d̂  0 (2/3) d̂  

1.2.2 Characteristic Samples and Spectra 

Our primary objective is to be able to use spectral features seen in the Raman spectra 

to determine the underlying bonding structure. The crystalline carbon phases have been 

exhaustively characterized, but we will review them here to establish comparisons with the 

disordered phases. A material is considered crystalline if a particular structure is repeated 

indefinitely. The way the carbon atoms are bonded to each other is the most important factor 

in determining the overall structure and materials properties of a given material. Carbon 

atoms can bond to each other in at least three different ways. Figure 1.2 [after Robertson^] 

shows sp* (a), sp^ (b), and sp^ (c) hybridization. Isolated carbon has a valence electron 

structure of 2s^2p ,̂ for a total of four outer-shell electrons. Under the right conditions, the 

electrons will undergo a hybridization to make four sp^ hybridized levels, wherein the 

electrons are arranged in a tetrahedral configuration. The four valence electrons can then 

form covalento-bonds with neighboring atoms, sp^ consists of three ofthe valence electrons 

forming trigonal covalent o-bonds and the fourth electron forming a 7i-bond perpendicular 

to that plane. Although not specifically addressed in this research, sp^ bonding is 

12 
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Figure 1.2. Schematic representation ofthe hybridization levels of carbon. 
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characterized by two o-bonds in the x direction and two TC-bonds, one each in the y and z 

direction. In addition, fractional hybridization levels have been used to explain the bonding 

configurations in fiillerenes.^ Fullerenes (C-60 and others) are usually considered 

individually to be molecules but will be grouped with crystals in this study. 

Depending upon the particular hybridization conditions, different structures and 

geometries will form. These geometries will govern the vibrational modes present in the 

material. Group theory is used to describe which vibrational modes will be Raman active.^ 

We will now describe the vibrational spectra seen for the crystalline phases: diamond, 

graphite, and C-60. 

Diamond is made up exclusively of sp^ bonded carbon atoms arranged in a diamond 

lattice as shown in the inset to Figure 1.3. The diamond lattice is described as two 

interpenetrating face-centered cubic Bravais lattices displaced along the body diagonal ofthe 

cubic cell (a = 3.57-A) by one quarter the length ofthe diagonal. Each carbon atom is 

tetrahedrally bonded to four other carbon atoms with a bond length of 1.544-A.̂  The 

diamond lattice has T2g symmetry. This space group symmetry results in one first order 

Raman active mode as shown in the dispersion diagram^ shown in Figure 1.4 (top part ofthe 

figure shows an enlargement of theregion around 1332-cm"^). Figure 1.3 shows a typical 

spectrum from natural diamond (type Ila) with the first-order mode at 1332-cm\ Diamond 

has been reported to crystallize in an hexagonal structure known as Lonsdaleite. It has a 

characteristic Raman peak slightly downshifted to 1320 ± 5-cm'.^ 

The line width ofthe 1332-cm' peak gives a good indication ofthe quality ofthe 

diamond. Variations in the bandwidth ofthe diamond peak have been shown to arise from 
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Figure 1.3. Raman spectrum of crystalline diamond. Inset shows expanded view of region 
around the diamond peak. Other inset shows the structrue of diamond. 
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stress due to muhiple crystal orientations being present simultaneously. ̂ ° Diamond ingots 

with bandwidths smaller than those of natural diamond have been produced in high 

temperature and pressure apparatus by such companies as General Electric and DeBeer's. 

Chemical Vapor Deposited (CVD) diamond films grown homoepitaxially have also been 

grovm which have a narrower Raman band. A high quality diamond has a typical natural 

linewidth of- 2-cm-'. The measured linewidth is govemed by the natural linewidth and tiie 

resolution of the spectroscopic system. The natural linewidth of tiie vibration can be 

extracted by measuring tiie linewidtii of an atomic transition which is considered to be nearly 

monochromatic and comparing that to tiie linewidth of the measured vibrational 

mode. 

Graphite is the most thermodynamically stable allotrope of crystalline carbon. It is 

made up exclusively of sp^ bonded carbon atoms arranged in sheets of hexagonal carbon 

rings. The in-plane bond length is 1.42-A and the distance between sheets is 3.354-A. The 

graphite lattice belongs to the factor group Dĝ  factor group ofthe space group P63/mmc, 

allowing the vibrational modes 

2B2g + 2E2g + A2„ + E,„ 

which results in the dispersion curve as shown in Figure 1.5.̂ ' Of these vibrations, only the 

Ejg modes are Raman active in an infinite crystal. The two Raman measurable E2g modes in 

graphite are designated E2g' and Ejĝ . The Ejĝ  mode, caused by stretching ofthe in-plane o-

bonds (covalent), results in a vibration at 1581-cm"', which is shown in Figure 1.6. The Ejg' 

interlayer shearing mode (van der Waal bonding), shown in Figure 1.7, has an energy of 42-

cm-'.'2 
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Figure 1.5. Graphite phonon dispersion curves. 
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Figure 1.6. Raman spectrum of graphite in the vicinity of Ejĝ  band. Inset shows the 
vibration which leads to this mode. 
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Figure 1.7. Raman spectrum of graphite in the vicinity ofthe shear vibrational mode Ejĝ  as 
shown in the inset. 
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Buckminsterfijllerenes were not discovered^^ until 1984, and have received 

considerable attention since then. They can take many different forms, called "buckyballs," 

"nanotubes," and "buckyonions." The most studied fiiUerene, C-60, is shown in Figure 1.8, 

along with its Raman spectrum in the range most relevant to the current studies. C-60 is 

made up of five and six membered carbon rings which form a spherical cage structure 

(icosahedron). The vibrational mode at 1574-cm' is similar to the Ej^ mode of graphite. 

The strong 1470-cm"' mode corresponds to a breathing mode ofthe pentagonal rings 

Because of the spherical nature of the surface, this bonding does not have perfect sp^ 

hybridization and has been assigned fi-actional hybridization numbers.^ Although we did not 

focus on fiillerenes, usefiil comparisons will be made later when we discuss disordered 

carbon structures. The non-planar sp^ bonding structure seen in fiillerenes is possibly 

analogous to structures seen in disordered carbon materials. 

14 

1.3 Disordered Carbon Phases 

One of the motivations for this research is to be able to effectively quantify the 

bonding structure of disordered carbons using optical techniques. We have just seen how 

straight-forward Raman results are in crystalline materials. However, there have been 

numerous problems understanding the Raman spectra of certain disordered or mixed phased 

carbon materials. The spectra are not always derivable fi-om the parent, crystalline modes. 

We will first take a look at how Raman scattering differs in disordered compared to 

crystalline materials and discuss current understanding of tiie relationship between structure 

and vibrational properties. We will then discuss tiie implications of this on the observed 
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Figure 1.8. Raman spectrum of C-60 in tiie high energy range. Inset shows tiie structure of 

C-60. 
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spectra of nano-crystalline graphite and graphitic amorphous carbon. We will then look at 

situations where multiple crystalline phases are present simultaneously in a small sample 

volume. This will be explored for CVD diamond samples which fi-equently contain 

disordered structure. We will then look at diamond-like (amorphous carbon) samples which 

bear very little resemblance to diamond, based upon their Raman signal. 

Our goal is to use Raman spectroscopy to determine the short, medium, and long-

range bonding structure of the disordered carbons. Here, short-range order refers to the 

hybridization level (i.e., sp ,̂ sp^, or other). Medium-range order is mainly used to describe 

bonding structure in graphite-like materials (i.e., aromatic rings or others). Long-range order 

refers to the number of aromatic rings in a graphitic cluster or the crystalline extent of a 

diamond. In the crystalline phases, the short and medium range order was easily determined 

by the position ofthe Raman peaks, sp^ hybridization appeared as the 1581-cm' peak in 

graphite, while sp^ bonding was apparent by the 1332-cm"' band in diamond. Long-range 

order was evident through narrow line-widths and the absence of any other spectral features. 

We first need to establish, for any disordered carbon material, how far long-range order 

extends. It may not exist at all, and it would be a truly amorphous material. 

Microcrystallinity has been observed in both graphites and diamonds. We will take a look 

at what effect microcrystallinity has on the Raman spectrum of carbon materials. 

Because we will be using Raman spectroscopy for the majority of the 

characterization, we need to understand what effect a reduction in long range order will have 

on Raman scattering. The rules tiiat we have learned for Raman scattering in crystalline 

materials do not always apply for disordered materials. A breakdown in long-range 
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crystallinity allows the violation of the k = 0 selection rule. Wave-vector uncertainty is 

given by In/L^, where L̂  is the crystallite size. For crystals (L^ = «>), and k ~ 0, a finite size 

crystallite can confine the phonon in space. If L̂  is finite, the uncertainty is bigger and 

phonons with k # 0 can contribute to the Raman signal.'^ Other vibrational modes, 

originating fi-om other regions ofthe Brillouin Zone, can become Raman active. The Raman 

spectra of a disordered material can resemble tiie vibrational density of states [DOS].'^ The 

spectra are weighted by a matrix element which can vary as cô  at low phonon fi-equency, co.̂  

This means that the resulting Raman spectrum of a disordered material can be quite different 

than the crystalline parent signal. 

In order to look at the effect of microcrystallinity on carbon materials, we will first 

look at graphite. Nanocrystalline graphite (n-graphite) has the same short and medium range 

bonding characteristics as graphite, in that the carbon atoms are sp^ hybridized and are 

constituents of hexagonal carbon rings. Figure 1.9 shows the difference between crystalline 

graphite and n-graphite. The n-graphite structure shows small regions of crystalline graphite 

connected by disordered structure. While HOPG has plates up to ~ 1-nm in diameter, n-

graphite has crystallites with planar extents that have been confirmed to range fi-om 30 - 300-

A. This disorder will be evident in three ways in the Raman spectrum. The first is a 

broadening ofthe 1581-cm' mode (G-band) and an upshift towards 1600-cm'. A variance 

in the interplanar bonding lengths and angles causes the mode to broaden. In addition, finite 

size effects have been shown to broaden the band also.'"' The second is the emergence of a 

band at ~1350-cm' (D-band), believed to correspond to a zone-edge vibration mode (Aig). 

Also seen is a shoulder on tiie G-band at ~ 1620-cm\ which is due to oliphatic structures 

24 



(a) Graphite 

(b) Nano-crystalline graphite 

Figure 1.9. Structures of crystalline graphite and nano-crystalline graphite. 
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(aromatic chains).'^ It has also been linked to graphite phonons between the T and M points. 

Figure 1.10 shows all three bands present in a n-graphite sample made by an arc-jet system 

[sample prepared by Reed Boyd, Texas Tech]. 

The zone-edge mode is thought to become Raman active through a relaxation ofthe 

k = 0 selection rule. '̂  This mode is not Raman active in an infinite crystal because changes 

in polarizability will cancel, but this is not true for a finite-sized crystal. Figure 1.11 shows 

the calculated dispersion curve for graphite.^^ There is a flat region (~ 1350-cm'') ofthe 

dispersion curve between the M and K points which results in a peak in the phonon DOS. 

The D-band is intriguing, since an analogous band does not emerge in polycrystalline 

hexagonal boron nitride (h-BN), which has a similar lattice structure to graphite.^' h-BN has 

an in-plane vibration of 1366-cm'' comparable to graphite's 1581-cm"' and a shearing mode 

at 52-cm' comparable to graphite's 42-cm', but small crystallites do not cause a band 

analogous to the D-band in graphite. This difference has not been adequately resolved. A 

clue to the difference could lie in the fact that h-BN, because of its binary nature, cannot 

support alternate ring statistics (i.e., five- or seven-membered rings). Carbon can, and this 

could be an indication of how microcrystallites are interconnected and how the D-mode 

arises. Unpassivated bonds would be diminished by the interconnection ofthe crystallites. 

A method for extracting the average planar extent ofthe graphite crystallites fi-om 

Raman data has been formulated by Tuinstra and Koenig.'^ The method involves finding 

the ratio of the integrated intensity of the D- and G-bands. The ID/IQ ratio is inversely 

proportional to the crystallite size, as shown in Figure 1.12. This method was developed by 

analysis of Raman and x-ray data for crystallites down to ~ 30-A. We will explore later if 
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Figure 1.10. Raman spectrum of nano-crystalline graphite. 
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Figure 1.11. Phonon dispersion curve of graphite. (Lespade) 
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this technique works for smaller crystallites. Also, as we will see for some ofthe following 

samples, there may be additional features in the Raman signal due to other structures, that 

can impinge on the two primary bands. 

An example of a material with no discemable crystalline structure is graphitic 

amorphous carbon (GAC). GAC is considered to be a prototype, two-dimensional, covalent, 

random network (CRN) containing only sp^ bonded carbon atoms in sheets. The medium 

range order is described as rings of mostly five, six, and seven members '̂ -̂ -̂̂ ^ as shown in 

Figure 1.13. There is no appreciable long-range order. The five- and seven-membered rings 

are not planar like six-membered rings and vnW warp the usual graphitic, planar structure. 

This effect is demonstrated in fullerenes. The pentagonal rings allow the spherical structure 

to exist. 

Figure 1.14. shows a typical Raman spectrum of an annealed GAC sample. The 

spectrum shows a broad continuum; two independent bands are not discemable. This makes 

it difficult or impossible to use Raman scattering to quantify crystallite size (assuming there 

is any). In section 2.3, we will utilize an annealing study to bridge the gap between GAC and 

n-graphite. The Raman spectra of GAC are similar to spectra seen for amorphous carbon 

materials which have been determined by other experimental techniques to contain some 

amount of sp^ bonding. Later we will explore if any connections can be made. Another 

avenue to explore is the possibility of some of the Raman signal coming fi"om structures 

other than six-membered rings. In addition to the severe broadening ofthe D- and G-bands 

due to disorder, is there also scattering fi-om odd-membered rings? 

30 



3 4 5 6 7 8 9 

Figure 1.13. Diagram shovmig proposed structure of graphitic amorphous carbon. (Zallen)̂ ^ 
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Figure 1.14. Raman spectrum of a-GAC 1050 *C. 
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Calculations by Doyle and Dennison^^ using the Embedded Ring Approach (ERA) 

have modeled the vibrational modes of rings of 4, 5,6, 7, and 8 members. They have treated 

the rings as being comprised of masses connected by springs and have solved Newton's 

equations of motion to determine the vibrational modes. A summary of their calculations 

is shown in Table 1.2. 

Table 1.2. Vibration frequencies determined with the embedded-ring approach valence-force 
model. (Doyle and Dennison)^^ ^ ^ 

n In-plane modes and frequencies (cm-1) 

4 A,g(1570), B,g(1350), B2g(l 143), E„(709,1584) 

5 A,.(1444), E,.(706, 1536), E2.(l 100, 1529) 

6 A,g(1360), B,„(1455), B2„(1387), E,„(678,1441), E2g(1010, 1569) 

7 A,.(1303), E,.(653, 1371), E2.(945, 1531), E3.(1312, 1550) 

8 Ai,(1263), B,,(1496), B2,(1476), Ei„(626,1317), E2,(896, 1471), E3„( 1220,1572) 

When this method is applied to the GAC spectrum, it gives ring statistics of 58% for 

the six-membered rings, and 21% each for the five- and seven-membered rings.̂ ^ Since they 

induce opposite directions of curvature, an equal number of five- and seven-membered rings 

is assumed. This maintains an approximate planar structure, in accordance with Beeman et 

alP GAC poses questions and will be studied in more detail in Section 2.3 through an 

annealing study and in Section 3.3. through a resonance Raman study. We will try to see if 

crystallite sizes below 30-A can be determined and look for connections between tiiis highly 

disordered graphite and amorphous carbon materials (to be defined later). 

Before looking at the effects of reductions in crystallite size on diamond spectra, we 

first need to discuss a process that will limit our ability to effectively study tiiis condition. 
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Wada and Solin determined that the Raman scattering efficiency of graphite was 

approximately fifty times that of diamond for 514-nm (2.41-eV) and 488-nm (2.44-eV) 

excitation.^^ This means that given a hypothetical sample with equal amounts of diamond 

and graphite, the graphite signal will greatly exceed the diamond signal. This is an important 

implication for a disordered diamond material. Even small amounts of graphitic bonding in 

such a material could obstruct the diamond or diamond-like signature. As an example of 

carbon's ability to form numerous stable phases in close proximity, we show in Figure 1.15 

a spectrum taken of an edge-surface of a synthetic diamond film (Black diamond film - GEC-

Marconi). This spectrum is remarkable. From a volume of less than 100 (}xm)̂ , the Raman 

spectrum shows crystalline diamond and graphite, n-graphite and possibly amorphous 

carbon. This illustrates the power of Raman scattering to detect the presence of multiple 

structural phases. Although complicated for crystalline phases, the situation will be much 

worse if disordered multi-phased structures are present simultaneously. 

Polycrystalline diamond films, grown by many different techniques, pose some 

interestmg questions. Almost all these types of fihns contain some amount of impurities and 

disordered structure. This disordered structure is usually considered to be related to sp^ 

bonded disordered carbon. Figure 1.16 shows an example of a polycrystalline diamond film 

with both a sharp peak at 1332-cm-̂  and, also a broadband centered at 1550-cm ^ The 

diamond peak is usually broadened in these types of diamonds due to internal strain caused 

by the polycrystalline conditions. The peak itself can also be upshifted in energy (up to ~ 

1345-cm-').(Our results and Knight^) The ~ 1550-cm-' band is usually considered to be a 

downshifted G-band and tiierefore related to aromatic rings or a combination of tiie D-and 
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Figure 1.15. Raman spectrum ofthe edge of a GEC-Marconi black diamond film. 
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Figure 1.16. Raman spectrum of a disordered diamond film. 
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G-bands of highly disordered GAC.̂ '̂̂ ^ This is definitely a possibility in some disordered 

polycrystalline samples, but there are other examples, as shown in Figure 1.17, which show 

ahnost no scattering intensity in the D-band region. Some have speculated that this band is 

due to a disordered sp^ phase, but most have decided against this because there is no 

theoretical reason for this type of structure to have a vibrational mode above 1332-cm'.^ '̂̂ ^ 

Marcus et al}'^ suggested that since this band was similar in energy to the pentagonal 

breathing mode seen in C-60 (1470-cm-^), it could be related to five-membered rings. These 

rings would not be planar and could have bond angles similar to those of a diamond lattice. 

There have been other studies to determine the effect of finite crystallite size and 

strain on the zone-center mode of diamond. Yoshikawa et al?^ have calculated that reducing 

the crystallite size of diamond down to 50-A would down-shift the main vibrational band by 

13-cm"' and broaden the band to 38-cm'' (from 3-cm'^). They used an equation formulated 

by Fauchet et al?^ that models the Raman lineshape by superimposing Lorentzian lineshapes 

centered on the points ofthe one-dimensional phonon dispersion curve and weighted by the 

wave-vector uncertainty caused by the confinement in a finite-sized crystal. They were 

unable to confirm this experimentally, however, on diamond particles that were thought to 

be ~50-A in diameter. They did show fairly normal looking Raman spectra from diamond 

particles that were as small as 0.1-^im in diameter. 

Stress in polycrystalline diamonds can also cause the zone-center mode to shift. 

Grimsditch et al. have shown tiiat compressive stress causes the diamond peak to up-shift.^^ 

Yoshikawa et al?^ saw an up-shift in the zone-center mode's frequency when higher levels 

of disorder were present in the polycrystalline films. They attributed the disorder to sp^ 
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Figure 1.17. Raman spectrum ofGEC film showing only the diamond peak and the A-band. 
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bonded regions. They think that these regions cause the stress on the diamond component. 

This interpretation is a little difficult to visualize given the softness of graphite in the c-axis 

direction. The in-plane bonds of graphite are stronger than diamond bonds, but it would 

seem like the sp^ regions would have to be pinned between the diamond clusters somehow. 

It would also seem like sp^ bonded structures would help to reduce the stress in a film, not 

increase it. Other measurements by Chen et al}^ have shown that different crystal 

orientations in polycrystalline diamond broaden the zone-center mode. The mode is triply 

degenerate and stress can lift the degeneracy, resulting in a broadening ofthe band. None 

of these results, however, bridge the gap to the spectra seen in amorphous carbon samples 

which do contain some amount of disordered sp^ structure. 

Much debate has centered around a possible disordered sp^ hybridized phase, wherein 

four-fold coordinated bonding occurs, but there is variance in the bond lengths and angles. 

Amorphous silicon can maintain such a phase, but so far there has been contradictory 

evidence for an analogous carbon structure.^^ Raman spectra of so-called diamond-like 

carbons do not show a broadened diamond zone-center mode, even though other 

experimental techniques (x-ray diffraction), have revealed the presence of sp^ structure. This 

could be due to the scattering efficiency disparity between graphite and diamond, but the 

spectra are not simply related to graphite either. 

Whenever significant disorder is found in a carbon material, the constituents usually 

tum out to be sp^ bonded, sp^ bonding is favored over most ofthe temperature-pressure curve 

(Figure 1.18)̂ ^ and is easily formed in just about any growth process. There are, however, 

many examples where the Raman spectrum does not show diamond, but the material is 
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partially transparent and very hard. This class of materials has been split up into sub-classes. 

The major headings are amorphous carbon with and without hydrogen, diamond-like, ^a-C, 

and polymer-like. These materials can be made in numerous ways and other references 

should be consulted for more information. An exhaustive discussion of a-C has been 

provided by Robertson.̂ -^^ 

The variation between these carbon phases usually lies in the degree of sp^ bonding 

and the amount of hydrogen present in the films. ta-C samples that contain 75 - 85% sp^ sites 

have been claimed by many groups.̂ '̂̂ '̂'*̂  Weiler et al?^ found that their m-C fihns contained 

~ 25% hydrogen, but the amount had little bearing on the degree of sp^ bonding over the 

range studied. Lower density a-C:H films, such as those studied by Koidl et al.'^^ and Tamor 

et al.^'^ had structures that were highly dependent on hydrogen fraction. Figure 1.19 shows 

the Raman spectrum from two amorphous carbon films, one without hydrogen (a) and one 

with hydrogen (b). Both had band gaps of ~ 2.3-eV. The spectrum from the film with 

hydrogen is slightly narrower. This indicates that hydrogen can reduce the degree of 

disorder, but hydrogen related bonding does not cause much of the observed vibrational 

spectra of a-C in this energy region. 

There have been numerous attempts to describe tiie structure of a-C materials. Wada 

et aV^ described the structure of a-C witiiout incorporating any sp^ sites. They described the 

structure as being randomly oriented (turbostratic) 20-A sp^ bonded plateletts with dangling 

bonds at the edges. A random distribution of crystallites would avert tiie floppiness inherent 

in large graphite sheets and give a-C its fairly durable structure. Beeman et alP used a 

theoretical modeling study to explore tiie structure of a-C. They found that a model 
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Figure 1.19. Raman spectrum of a-C: no H and a-C:H. 
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contaming 9% sp^ sites most accurately predicted the observed experimental properties of 

a-C. Planar sp^ bonded regions are intermittently interrupted by an sp^ site, causing a change 

in orientation ofthe planes. 

In a similar vein, Robertson and O'Reilly '* described a-C structure as due to compact 

aromatic carbon clusters with spatial extent ~ 15-A, bounded by sp^ sites. They felt that 

clustering would help to reduce the strain. The long range order (number of rings in a 

cluster) was shown to affect the optical properties, especially effective bandgap. Hydrogen 

incorporation will produce more sp^ sites, which will increase the band gap. Tamor and 

Wu"*"* have also described a-C structure as being due to interrupted graphitic sheets. Their 

model begins with the premise that the TI-electrons in an infinite graphitic sheet are 

delocalized and, therefore, behave as a metal. Defects induce localization of these electrons 

by causing minima in the electron density. The defects disrupt the hexagonal rings resulting 

in graphitic islands that are only loosely connected. The fewer the connections, the more 

insulating the material becomes. These defects can be either vacancies or sp^ coordinated 

atoms. The model assumes that the sp^ coordinated atoms are randomly distributed and do 

not cluster into nanocrystalline diamond. The sp^ bonds end up connecting parallel planes 

together, causing them to warp or pucker. They found that a defect concentration of 8.3 % 

was sufficient to explain the optical and density characteristics of a-C. This would also 

explain how NMR and XRD see evidence of sp^ bonding, while Raman does not. So far, 

however, no experimental evidence has shown that a-C has a planar structure. There have 

been other calculations and models by Angus et al,^^ Nelson et al^ and Drabold et al,^'' and 

others. 
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One ofthe clues that indicates that a-C may be closely related to disordered graphite 

IS the relatively low temperatures needed to convert some forms of a-C to, apparently, an n-

graphite phase. This has been illustrated by Dillon et al^^ and more recently by Friedmann 

et al^^ They have both shown that annealing causes their starting materials, tetragonal 

amorphous carbon (Friedmann), a-C:H (Dillon), to evolve to an n-graphite phase. The 

temperatures at which the transformation begins to occur can vary from 300 - 900 ^C, 

depending upon the starting sample."*̂  This indicates that the sp^ bonding is not very stable. 

Later, we will try to determine if Raman scattering can be used to show a link between a-C 

and n-graphite. 

We have now seen that carbon can assume many different stable phases. The 

nanocrystalline graphite phase is characterized by microcrystalline graphite regions that can 

range in size from tens of Angstroms to hundreds of nanometers. Then- Raman spectrum will 

have two main bands which will broaden as the crystallite size gets smaller. Amorphous 

carbon and highly disordered graphite show a similar broad, asymmetric Raman band that 

peaks in the middle 1500 wavenumbers. This, despite the fact that a-C has significant 

amounts of sp^ bonding. Polycrystalline diamond films show both the characteristic 

diamond peak at 1332-cm'' plus other bands which indicate that there is bonding other than 

strictly sp^ These alternate structures are usually considered to be graphite-like. 

1A Photoluminescence 

Photoluminescence (PL) is an experimental technique that uses the photoexcitation 

of electrons to determine optical, electrical, and structural properties of materials. The type 
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of bonding structure, and the presence of any impurities, govems the electronic structure of 

a material. The mean lifetime ofthe excited state and the energy ofthe emitted photon can 

give valuable information about the material. In Chapter IV, we will discuss a series of PL 

experiments on diamond. Diamond is considered a wide band gap semiconductor, and our 

discussion of PL will center on this type of material. 

The band gap of a material corresponds to the energy needed to promote an electron 

in the top of the valence band to the bottom of the conduction band. For a perfect 

semiconductor crystal, there are no allowable electronic states between the conduction and 

valence band, except for excitonic states near the band edges. Impurity atoms and non

crystalline structure can bring about allowable states vdthin the band gap. Their presence 

mterrupts the electronic structure ofthe crystal. Photoexcited electrons can be promoted to 

these states and the recombination dynamics will shed light on the defects present. 

Luminescence is most conveniently excited using monochromatic light. This is done 

either with a high-output lamp filtered by a monochromater or a laser. The laser is usually 

the preferred method primarily because of its high intensity and directionality. In the case 

of diamond, which has a band gap of 5.5-eV, there are no practical lasers yet available that 

can lase this far into the UV. We will go into more detail later in the PL experimental 

(Section 1.5.2), but in our experiment we will probe only mid-gap states with visible 

wavelengtii lasers (~ 2.5-eV). Since we are concemed only with mid-gap states, we did not 

concern ourselves with band gap information, especially since it has been well established 

through other experimental techniques. 
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The three important mechanisms of PL are absorption, radiative recombination 

(luminescence), and non-radiative recombination. Figure 1.20 shows the band structure for 

an arbitrary semiconductor with a mid-band gap defect level. A photon can be absorbed if 

there is an empty, allowable state that is higher in energy. Once promoted, the electron 

leaves behind a positively charged hole in the valence band. It is possible for the electron 

and hole to be bound together electrostatically, which lowers the net potential between them 

(exciton). Once in the excited energy state, many different things can happen. The electron 

can stay in the excited state for some period of time and can then exit through a radiative or 

non-radiative process. In continuous-wave photoluminescence (CWPL), we are most 

concemed with the radiative recombinations because that is what is detected. In time-

resolved photoluminescence (TRPL), we measure how long the average electron stays in the 

excited state. Non-radiative processes (phonons. Auger), provide altemate recombination 

pathways and can govem the lifetime ofthe electron in the excited energy state. 

The luminescence is spectroscopically resolved in CWPL. Peaks or bands in the 

spectra correspond to the electronic energies of various defect centers. In diamonds and 

other materials, many of the defects causing these bands have been determined. Intentional 

doping and other techniques have been used to determine the origin of these defects. 

The photoluminescence process is govemed by the amount of light absorbed and the 

amount radiated. The absorption process is described through Fermi's Golden Rule for 

upward transitions at a specific wavelength (>ia)) and is given by:-,.50 
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Figure 1.20. PL process in an arbitrary semiconductor with a mid-gap level. 
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where A,, is the electromagnetic field, k̂  and k̂  are the electron wavevectors allowed per unit 

volume V ofthe crystal, Ê  and Eb are the energies of lower state |a) and upper state | b), and 

fa and fb account for the occupancy ofthe respective states. The dipole matrix elements H'ba 

is 

Hi„ - {b\^ A-p\a) (1.19) 
Tfl o 

where A is the vector potential and p is the momentum operator. 

The van Roosbroeck-Shockley equation relates absorption and spontaneous emission 

for thermodynamic equilibrium as '̂ 

RJ<y)dy> - PJy)i^{^)dv (1.20) 

where Rsp(v) is the rate of spontaneous photon emission at frequency v and Pabs(v) is the 

probability of absorbing a photon of energy hv per unit time and (p(v) is the radiation 

density of frequency v in an interval dv. (p(v) is derived from Planck's radiation law and is 

given by: 

871 v V 1 J 
(p(v)Jv = 7 r ov c' 

exp k,T) 
(1.21) 

P(v) is the absorption probability and is defined as the inverse ofthe mean lifetime T(V). 
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^(v) = - f - = a(v)v = a(v)— (1.22) 
T(V) n^ 

a(v) is the absorption coefficient ofthe photon for the particular material and v = c/n̂  is the 

velocity of the photon in the material with refractive index n̂ . By substituting Equations 

1.21 and 1.22 into Equation 1.19, we get a relation between absorption and emission: 

a(v)8iivV^ 
/? Jv)Jv = — '- dv (1.23) 

^ c^ [exp(hv/k,T) - 1] 

By integrating Equation 1.23 over all frequencies we get the total emission rate per unit 

volume (Equation 1.24). 

R (v)^v - ^^"-^^>^^ r ^^(^ du (1.24) 

where u = hv/kbT. This relation holds for any transition from a higher to lower energy 

state.̂ ^ 

TRPL is used to determine the lifetime of a defect state. The total recombination 

lifetime T is given by 

1-1.± (1.25) 
r rr 

where x, is tiie radiative lifetime, and T„ is tiie non-radiative lifetime.^' The presence of non-

radiative patiiways can be reduced tiirough coolmg tiie sample to low temperatures (< 20 K). 
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The lifetime x, is another way to quantify the defect. Different samples with similar defect 

peaks can be compared. 

1.5 Experimental Techniques 

1.5.1 Raman Spectroscopy 

Since we have established the theoretical aspects of Raman spectroscopy we will now 

give a detailed explanation ofthe experimental tools used to measure the effect. As we have 

seen from the previous section, Raman spectroscopy is the measurement of inelastically 

scattered light. Figure 1.21 shows a schematic diagram of a multi-channel Raman 

spectroscopy system. For stability and ease of positioning, all optical components are seated 

on, or bolted to an optical breadboard table [Newport 4'x8' + 4'x2']. Laser light is provided 

by either an argon-ion (Coherent Innova 306) or krypton-ion laser (Coherent Innova 90). 

The lasing wavelengths and powers are shown in Table 1.3. The intensity ofthe light can be 

varied for both lasers and was usually kept between 0.1 and 0.75-Watts. 

In addition to the desired lasing line, there are other wavelengths of light that are 

emitted from the cavity originating from atomic transitions. These photons are unwanted 

and need to be attenuated as much as possible because they may show up in the spectrum. 

This can be accomplished two different ways. The first is tiirough the use of an interference 

line filter [various Oriel Models]. The second way to attenuate plasma lines is through tiie 

use of a diffraction grating filter. The Optometries TGF-302 filter admits tiie light through 

a circular aperture and diffracts the laser light off a mechanically ruled diffraction grating 

that is set to the appropriate wavelength using the micrometer. The diffracted light is then 
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Figure 1.21. Schematic diagram of multi-channel Raman system. 
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Table 1.3. Visible laser lines and rated powers for the Coherent argon and krypton ion 
lasers. ̂ ^ 

Wavelength [nm] 

799.3/793.1 

752.5 

676.4 

647.1 

568.2 

530.9 

528.7 

514.5 

501.7 

496.5 

488 

476.5 

472.7 

465.8 

457.9 

454.5 

Argon (Coherent 306) 
[W] 

0.42 

2.40 

0.48 

0.72 

1.80 

0.72 

0.24 

0.18 

0.42 

0.14 1 

Krypton (Coherent 90-K) 
[W] 

0.03 

0.10 

0.12 

0.50 

0.15 

0.20 

psissed through knife edge slits which obstruct off-axis light. This system has a band pass 

of 2-nm and can be used effectively throughout the visible wavelengths. Both techniques 

have worked well, but the grating filter has higher through-put (~ 50%). 

The laser light is then directed with a series of flat, front-surface-coated aluminum 

mirrors into a modified optical microscope (SPEX MicraMate) where the beam is dfrected 
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to the sample. Figure 1.22 shows a schematic ofthe microscope system. The objective 

focuses and collects the scattered light. This system has a back-scattering geometry since 

the incident and scattered light are 180° apart. The sample is placed on an adjustable optical 

stage and is adjusted vertically until the laser is focused on the surface ofthe sample using 

the 80X objective to a spot size of- 5-|xm. The surface ofthe sample can be viewed using 

a black and white video camera and monitor. A neutral density filter allows some ofthe 

laser light to be directed to the sample. The laser spot can be precisely positioned in this 

fashion. The back-scattered light exits the microscope and is steered to the spectrometer 

using mirrors. 

The scattered light is a combination of Rayleigh and Raman scattered light. The goal, 

now, is to eliminate as much ofthe Rayleigh scattered light in favor ofthe Raman scattered 

light. The light emerges from the microscope coUimated and is passed through a holographic 

notch filter (Kaiser Optical, Inc.). The notch filter attenuates the Rayleigh scattering by a 

factor of > 10"*, allows 80% of other wavelengths through, and makes this type of multi

channel system possible. The attenuation curve is shown in Figure 1.23 for the 647-nm 

Super-notch filter. The filter has a bandwidth of 219-cm'', while a notch (for the 514.5-nm) 

has a bandwidth of 596-cm"'.̂ '* The notch filter can be rotated in a plane orthogonal to the 

incident light to narrow the cutoff width. This technique shifts the cutoff edge closer to the 

laser line and has allowed us to measure features ~ 75-cm' from tiie laser line. This is more 

than adequate for the majority ofthe measurements on carbon that we have done, but it does 

prevent us from measuring the shear vibrational mode of graphite at 42-cm"^ with the 

multichannel system. 

53 



A. 
B. 
C, 

D-

E . 

X-Y r igh t / l e f t 
X-Y in/out 
Transraitted Illumination 
Olaphragni 
Transmitted Illi*n1nat1on 
Focus 
Coarse Sample Focus 
Fine SampVe Focus.. 

G.-Push/Pull Bean Steering! 
f(7"5fiutter (Spectrometer 

Entrance Slit) 
Ij_JlMt1ng Lens Vertical 

Adjustment 
J. Spectnxneter Slit 

Adjustment 
K. Incident Illunlnatlon 

Intensity Control 
L. TV Camera 
M. Coupling Optics 

Focus Control 
H. Allen Screw 

"A. Focus 
8. Attenuating Polarizer 
C. Lens 
0. Lens 
E. Automatically Actuated 

Neutral-density Filter 
F. Microscope Bo<1y 
G. Al len Screw 
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HOLOGRAPHIC SUPERNOTCH FILTER : DATA SHEET 

Serial Number 
HSNF 3956 

FILTER 
FEATURE 

WORKING 
ANGLE 

OPTICAL 
DENSITY 

SPECTRAL 
BANDWIDTH 

EDGEWIDTH 
(Red Side) 

EDGEWIDTH 
(Blue Side) 

Part Number 
HSNF-647-1.0 

ACTUAL 
PERFORMANCE 

0 
Degrees 

>4.0 
Optical Density 

219 
Wavenumbers 

91 
Wavenumbers 

68 
Wavenumbers 

WAVELENGTH 
647 nm 

TARGET 
SPECIFICATION 

0-20 
Degrees 

>4.0 
Optical Density 

<350 
Wavenumbers 

<150 
Wavenumbers 

<150 
Wavenumbers 
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Figure 1.23. Attenuation curve and other parameters for a SuperNotch filter.^"* 

55 



The light that passes through the notch filter is collected and focused by a lens f-

matched to the SPEX 500M 0.5-m monochromater (f̂ 4 witii 110 x 110 mm grating) (Figure 

1.24(a)).̂ ^ The light is dispersed onto a liquid nitrogen cooled Charge Coupled Device 

(CCD) (Princeton Instruments LN/CCD-512TKB). The exit slit ofthe monochromator has 

been removed in addition to the rectangular mask at the exit aperture. The second mirror 

focuses the diffracted light onto the exit aperture ofthe monochromator. Since there is now 

no aperture there, the light is not spatially filtered by the exit slit and emerges fi-om the 

monochromator and hits the CCD. This allows a range of wavelengths to be dispersed across 

the CCD plane. We have mounted the CCD on an aluminum base with a micrometer 

adjustable platform. This allows the movement ofthe CCD into a position at which it is in 

the focal plane ofthe spectrometer. The CCD is considered focused when the linewidths of 

the atomic emissions from a light source are as narrow and symmetric as possible. The 

spectrum of a white light source should exhibit nearly constant intensity. 

The wavelength range striking the detector is calibrated using known emission 

wavelengths from either low-pressure lamps (neon or mercury) or plasma lines from the 

laser. The lamp is placed in the optical train before the lens that focuses light into the 

monochromator. The emissions from either of these sources are very narrow in wavelength 

and ideally should illuminate one vertical line of pixels ofthe CCD. In actuality, the Imes 

show up as Lorentzian peaks three to four pixels wide. The grating angle determines the 

central wavelength falling on the CCD. The diffraction grating equation, 

mk = d (sina + sinp) (1.26) 
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where, m = diffraction order, 

X = wavelength, 

d = grating spacing, 

a = angle of incidence, 

p = angle of diffraction 

govems the angular dispersion of the particular wavelength region being studied." The 

longer the wavelength, the more tiie light will be dispersed resulting in a smaller range of 

wavelengths filling the CCD. Shorter wavelengths will not be dispersed as much and 

consequently a wider range of wavelengths will span tiie CCD. Because the number of 

pixels is fixed, the resolution decreases with shorter wavelengths due to the same effect. The 

monochromator has a dispersion of 1.6-nm/mm at 500-nm and a multichannel coverage of 

25-nim." This results in a theoretical wavelength coverage of 1600-cm"'. The specific 

wavelength coverage as a ftmction of laser line can range from ~ 600-cm'' for the red (647-

nm) to ~ 1000-cm"' for the blue (458-nm) wavelength region. These numbers correspond to 

a 1200 lines/mm (110 x 110-mm) diffraction grating blazed at 500-nm. For detailed 

measurements, an 1800 line/mm grating has been used, but spectral coverage is sacrificed 

by a factor of 2/3. The CCD has a 512 x 512 pixel (24-nm x 24-fim pixels) grid with an 

active area of 1.2-cm square.^^ The chip is held, using a thermostat, at a temperature of -

lOO^C to minimize the thermal dark current. The CCD is controlled and read out using the 

ST-130 detector controller. The dark current occurs due to charge leakage within each pixel 

and is exponentially related to the temperature (halved for every 7°C drop in temperature)." 

Holdmg the chip temperature low coupled with a high-quality silicon chip with low defect 
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density results in a low dark current. When light strikes a pixel, charge is produced through 

the photovoltaic process. Each pixel can hold 65536 (16-bit) electrons and is read out 

sequentially after the allotted exposure time has elapsed. CSMA software (v. 3.1), written 

by Princeton Instruments, interfaces the controller to a PC-486 computer. Through the 

software we can control the duration ofthe spectrum, tiie calibration, etc. We configure the 

CCD through the binning and grouping feature of the software, so that each pixel in the 

horizontal direction corresponds to a wavelength range (for example, 514.51-nm - 514.53-

nm). Pixels m the vertical direction are then grouped into one effective pixel and correspond 

to that one wavelength range. We essentially have 512 line pixels. Before taking spectra, 

it is always useftil to determine what vertical region ofthe chip is being illuminated. This is 

less than 512 pixels because the "object" at the entrance slit is small (< 100-^m). Once the 

region ofthe CCD being illuminated has been determined, the software can then be set to 

only read out those pixels. Unilluminated pixels supply noise with no signal. This can 

decrease the readout time ofthe chip since fewer pixels are read out and more importantly, 

improve the quality ofthe spectrum by focusing in on the area least susceptible to off vertical 

axis distortion. 

The spectral coverage is also limited in our system to a cutoff at each edge of the 

chip. The monochromator does not fiilly illuminate the chip at each edge. The result is the 

first and last ~ 50 pixels suffer a non-uniform loss in intensity compared to the rest ofthe 

chip. This situation can be partially remedied by dividing the collected spectrum by the 

measured wavelength dependent intensity from a white light source. The white light source 
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would, under ideal conditions, give a flat spectrum over a short wavelength range such as 

this, and will show the same cutoff. 

It is important to have a pretty good idea about the range of wavelengths that will be 

useable so the monochromator can be set to the appropriate position. A position in the 

middle ofthe expected Raman signal range should be chosen. In this study the important 

spectral region is in the 1000 - 1800-cm-' range. This means that the monochromator is set 

to ~ 1450-cm' below the laser line. Once the central wavelength position has been set, an 

appropriate calibration lamp must be chosen. When using tiie 488- nm, 514-nm, and 647-nm 

lines, a low-pressure neon lamp was used because it has many emission lines spaced 

sufficientiy to fill the wavelength range to be measured. In the region around the 458-nm 

line, plasma lines ofthe laser are used. The laser line filter has to be removed in this case, 

and the laser is de-tuned, i.e., no lasing. A short spectrum, 1-10 seconds, is taken with the 

entrance slits ofthe spectrometer set to ~ 20-nm. CSMA software comes equipped with a 

utility that calibrates the x-axis (wavelength or wavenumbers) by a polynomial fit of pixel 

position to known wavelength. The user converts the pixel position ofthe calibration peak 

with the known wavelength from calibration tables. The program can use up to 10 

calibration lines. 

Once the system has been focussed, calibrated and masked, it is now possible to take 

a spectrum. The input slit ofthe monochromator is usually set to 150-nm and the aperture 

set to a pinhole, to reduce the admission of stray light into the spectrometer. Larger apertures 

can be used if necessary. The signal is integrated over a set time and the spectrum is 

recorded by a computer. A computer controlled mechanical shutter govems the integration 
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trnie for a spectrum and can be set from 0.05 seconds to several hours. Typical integration 

time range from 1 second to 10 minutes. The ability to integrate the entire wavelength range 

simultaneously gives this system a big time advantage over scanning systems. Each pixel 

has a finite "well" depth and can accept only 65000 counts. "Flat-lining" (maxing out the 

pixels) the system is not fatal, but should be avoided. This can be done at low intensity and 

long times, too. This system is optically fast and provides excellent signal to noise m a very 

short period of time. It was one ofthe first of its kind when it was set up as a part of this 

work. As with all multichannel spectroscopic systems, it is limited in resolution (compared 

to a scanning double monochromator) and particularly broad or low energy vibrations (below 

75-cm'') can be difficult or impossible to measure with this system. For these other cases, 

we will use either of two scanning Raman systems. 

When high resolution spectrums are needed, it is necessary to use a scanning Raman 

system. The 0.85-m SPEX 1402 double monochromator is shown in figure 1.24(b). The 

spectrometer uses two 110x110 mm gratings blazed at 500-nm and have 1800 lines/mm. 

The system has the standard Czemy-Tumer architecture. Figure 1.25 shows the 

experimental set-up. Laser light is provided by either an argon, krypton, or HeCd (350-nm, 

1-mW) laser. Plasma lines are attenuated in the same fashion as discussed above. The laser 

is focused onto the sample by a camera objective in a back-scattering geometry. The 

scattered light is collected by tiie same camera lens and is focused through a pinhole placed 

approximately midway between the camera lens and lens-2. The light re-expands and is 

focused by lens-2 mto the double monochromator. Lens-2 is f-matched to the spectrometer 

and should be put in place first. The double-monochromator has three knife-edge slits that 

61 



Computer 

Double 
Monochromator 

PMT 

T 

Lens 2 

d 

Pinhole ! 

S 
Photon Counting Electronics 

Mirror 

Ar, Kr, or HeCd 
Laser 

Sample 

Figure 1.25. Schematic diagram ofthe scanning Raman system. 
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need to be set. These slits control the size of the wavelength range of light passed to the 

detector. The narrower the slits, the smaller the wavelength range that will be passed. For 

light at 632.8-nm, a 20-fim slit, and 1200 lines/mm grating, the spectrometer will have a 

bandpass of 0.1-A (0.25-cm-').55 The first and third slit are set to the same widtii (typically 

300-|im, but depend upon the conditions), while the second is set to ~ 50-|am wider. The 

light is dispersed twice and is collected by a thermoelectrically cooled (Products For 

Research Model 16585-89) GaAs photomultiplier (Burle, Ind. [formerly RCA]) under high 

voltage. The signal is amplified using an EG&G Ortec model VT-110 fast preamp. The 

signal is sent to the photon counting hardware and data is recorded by a computer linked by 

a GPIB board using software written by Mark Holtz (SPEX 1402). The spectrometer is 

stepped in wavelength using the same computer and software. 

A triple additive dispersive system, shown in Figure 1.26, utilizes the same 0.5-m 

monochromator used in the multichannel system and the 0.85-m double monochromator 

used in the scanning system. The sample is brought into focus by adjusting its position via 

an XYZ translational stage. Laser light is directed to the sample in the same fashion as the 

other scanning system. Lens-1 focuses the laser light onto the mirror in front ofthe camera 

lens. The camera lens focuses the laser light onto the sample. The scattered light is collected 

by the camera lens which focuses the light on the first pinhole. The light expands after the 

pinhole and is focused into the monochromator by lens-2, which is f-matched to the 

monochromator. The scattered light is then dispersed by the monochromator. A narrow 

wavelength of light emerges from the monochromator in a cone and is collected by lens-3 

which is positioned one focal length away from the monochromator. The light is now 
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coUimated and is directed to lens-4 which focuses the light onto the aperture ofthe double 

monochromator. The double monochromator disperses the light two more times resulting in 

the exclusion of nearly all Rayleigh scattered light. This results in a triple filtration of tiie 

scattered light. This system allows vibrational modes down to ~ 10-cm' to be measured. 

The system can be scanned at increments down to 0.2-cm' and integration times per 

increment can run into the minutes, depending upon the strengtii ofthe signal and the desired 

S/N. The large number of optical components including three diffraction gratings causes 

much ofthe light intensity to be lost. 

The setup ofthe optical components is extremely difficult and requires very precise 

positioning of multiple lenses, alignment of the spectrometers, and a high degree of 

wavelength linearity. In order for f-matching conditions to be met, the slits ofthe double 

monochromator are set to double the slit setting of the single monochromator. Final 

positioning of the lenses is accomplished in the following way and is called wavelength 

coordination. There is a constant offset in wavelength between the dials of the two 

spectrometers (~ 2-nm). That is, the spectrometers will pass the same wavelength of light 

when their wavelength readouts show different values. This offset is irrelevant. Coordination 

of the two instruments proceeds as follows. The double monochromator is first set to the 

desired starting wavelength position. The entrance and exit slits of the single 

monochromator are set to ~ 50-|Lim and a white light source is placed in front of it (usually 

a halogen lamp shining through a white index card and pinhole). The single monochromator 

is then scanned through a wavelength region 50-cm"' on either side ofthe position ofthe 

double monochromator. If the spectrometers are approximately coordinated, the resulting 
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signal will have a Gaussian shape centered at a wavelength position where the transmittance 

though both is a maximum. The single monochromator is then set to that wavelength and 

the final lens before the double monochromator is adjusted to maximize the signal. The 

signal is monitored by looking at the photon counting gauges in the PMT electronics. The 

process is iterated until there is no fiirther improvement through this "tweaking-up" process. 

The coordination will only last ~ 5 scans, and then the coordination process must be 

repeated. Once coordinated, a program written by Mark Holtz (SPEXTRPL), steps both 

spectrometers synchronously to record the spectrum. 

This triple system is necessary for measuring low-energy vibrational modes (below 

50-cm"'). Vibrational modes in this region, especially in graphite, tend to be extremely weak, 

and long integration times (2 minutes / cm' step, or more) are necessary to establish suitable 

S/N. Spectra in this range are fiirther complicated by the excitation of vibrational modes of 

air at the air-sample interface. These modes have the potential to overshadow the vibrational 

modes from the sample. To alleviate this problem, dry argon or helium gas was continuously 

flowed over the sample. Argon and helium gases do not have vibrational modes in this 

region. This technique was effective in eliminating the air lines. 

1.5.2 Photoluminescence Spectroscopv 

The experimental set-up for both continuous wave (CWPL) and time-resolved 

photoluminescence (TRPL) is shown in Figure 1.27. We will first discuss tiie CWPL 

system. Luminescence is produced using an Ar-ion laser (Coherent Innova 90 - 2W). The 

light is focused on the sample with a lens to increase the energy density. The sample is 
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placed in a closed-cycle helium refrigeration cryostat with 4-way optical access. 

Thewindows ofthe cryostat are quartz and therefore light into the near-UV can be detected. 

An internal heater can control the temperature from 20 - 475 K. The sample is held firmly 

in place vertically by copper fingers to provide good thermal contact with tiie sample holder. 

The vacuum chamber is evacuated to 10-mTorr with a roughing pump before the compressor 

for the refrigeration system is engaged. 

An aluminum radiation shroud is placed around the sample reducing radiation losses 

which become important under 80 K. The shroud has optical access on adjacent sides 

allowing the sample to be probed and the scattered light to be directed to the spectrometer. 

The sample is placed at an angle of 30" to the incident laser. This causes the majority ofthe 

unwanted reflected beam to be "caught" by the edge ofthe cryostat preventing it from going 

to the spectrometer. A cutoff filter at the appropriate wavelength ensures that the laser light 

does not make it to the spectrometer. After light passes through the filter, lenses 3 and 4 

direct the light into the double monochromator (SPEX 1680, 600 lines/mm gratings, 

dispersion: 1.8-nm/mm). The spectrometer is scanned using an RS-232 interface connected 

to a computer. The computer steps the spectrometer in wavelength (0.2-nm or 1 -nm) and 

records the output signal from the photomultiplier (PMT) electronics. Signal averaging 

times are ~ 1 second per wavelength step. The light is detected using a Hamamatsu R2658 

InGaAs side-on PMT cooled to -10^*0. The PMT output is sent to a picoammeter which 

outputs an analog voltage signal which is proportional to the photocurrent generated in the 

PMT. An analog to digital (A/D) converter board in the computer can then produce a digital 

68 



signal. The resulting intensity spectrum is plotted as a ftinction of wavelength and is saved 

as an ASCII XY file. 

TRPL is an excellent way to measure the decay kinetics of photoexcited carriers. An 

electron promoted to a higher energy level can emit a photon upon returning to a lower 

energy level. The mean lifetime ofthe excited state can give important clues to the nature 

ofthe state involved in the radiative process and in competing non-radiative processes. The 

measurement is made by setting the spectrometer to a wavelength of interest in the CWPL 

spectrum. A short pulse of light is used to induce photoluminescence and a fast detector and 

electronics record the delay between the excitation and the arrival time ofthe emitted light. 

Short lived decays will be detected before the longer lived ones. 

TRPL measurements are excited by aNj laser (PTI PL 2300, 337.1-nm, 800-ps, 1.3-

mJ pulses) pumping a dye laser (PTI PL 201) emitting at 2.48-eV (Coumarin 500), which 

supplies 150-microjoule pulses of 500-ps (FWHM) duration at a repetition rate of 10-Hz. 

The laser light is directed with a lens into the same optical system described in the CWPL 

experiment. Part ofthe beam is diverted using a beam splitter and directed to a photo-diode 

which produces a trigger signal for the digitizer. The same spectrometer was used to 

disperse the scattered light and detection was accomplished by a Hamamatsu R1564U-01 

two-stage, proximity-focused multichannel plate photomuUiplier (MCP-PMT). The MCP 

has a rise time of 300-ps and a transit time jitter of- 90-ps.̂ ^ The detector output was fed 

to a waveform digitizer (fast analog). The fast waveform digitizer consists of a Tektronix 

7912AD witii a plug-in 7A29 amplifier and a 7B90P programmable time base. The digitizer 

has a bandwidth of ~ 750-MHz and a maximum digitization rate of 100-GHz at 10-
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ps/channel. The triggered photodiode signals the digitizer to measure the detector output and 

defines t = 0. Signals are averaged over a number of pulses (512) and were acquired in the 

50-ns time scale. System temporal resolution is approximately 100-ps. 

Once a TRPL spectrum has been taken, it now must be deconvoluted to obtain the 

decay lifetime information. The measured PL decay is the convolution ofthe PL decay with 

the temporal instmment response. The instrument response is obtained by replacing the 

sample with a piece of glass. The measured signal contains the contribution from the shape 

ofthe laser pulse, the photomultiplier response, and the preamplifier bandwidth (~ 750-MHz) 

ofthe wave-form digitizer. To determine the PL decay, we assume a trial ftmction, F°(t), and 

convolve this with the experimentally obtained instrument response I(t) according to 

M\t) - IityF\t) (1.27) 

and compare the resuU M°(t) with the measured signal M(t). 

In order to obtain the PL decay ftmction F°(t), an iterative reconvolution technique 

and least square fitting are used. In general, tiie iterative reconvolution method assumes that 

the PL decay I(t) from the sample is caused by n non-interacting components according to 

F.it) - i a/*> (1.28) 
M 

where a, is the PL intensity at to and TJ is the PL decay time ofthe i* component. A least 

squares analysis recovers TJ and â . The percentage (fractional intensities x 100) ofthe 
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individual components are given by 

D = ^"^^ xlOO% 
^ (1.29) 
/•I 

From extensive PL decay studies of fluorescent dye mixtures,^^ it has been found tiiat this 

discrete lifetime analysis is suitable for PL components with relative intensities of more than 

10%, and for three components or fewer. In Chapter IV, we will discuss the results of a 

TRPL study done on CVD diamond films. Since the PL decay from polycrystalline CVD 

diamond often consists of photons from point defects or impurities as well as a broad 

background, the discrete analysis was not very consistent. Consistent and reliable results 

were obtained by performing lifetime distribution analysis. We used the exponential series 

method of James ^^ and Ware '̂ for this analysis. This method requires no previous 

knowledge ofthe underlying distribution. Equal percent contributions for all lifetimes are 

assumed at the outset; no assumptions are made on the shape of the distribution. Time-

analysis is performed by assuming that a set of fixed lifetimes {!„,}, and an associated set 

of variable amplitudes {â ,} may be used to fit the PL decay curve. The mean lifetime 

obtained for each peak k in the distribution is defined as 

T,= -̂ =±- (1.30) 

22P. 
m-l 

where p^ is the fractional intensity corresponding to each lifetime given by Eq. 1.29; i and 
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j are the first and the last index respectively in the range of lifetimes spanning the k*** peak 

in the distribution. This technique has been established by analyzing PL decays in various 

dye mixtures and for polymers doped witii dyes,̂ ^ in a-Si:H, ̂ ^ SL-SiJZ^.^U,^ and a-SiN îH.̂ ^ 

In this dissertation, meaningftal lifetimes have been obtained in the range from 100-ps to 100-

ns for synthetic diamonds and amorphous carbon. 
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CHAPTER II 

RAMAN SUDIES OF DISORDERED GRAPHITE MATERIALS 

2.1 Introduction 

Graphite has been one of the most highy characterized substances. A disordered 

graphite material, carbon black, has many industrial and commercial uses. Tires contain 

large amounts of carbon black; computer hard discs are coated with a graphitic top layer in 

order to provide the proper tribological properties. Since the advent of diamond-like carbon, 

graphitic materials have received less attention. There is still much to be learned from 

disordered to highly disordered graphite. A better understanding will also help the study of 

a-C materials which contain both sp^ and sp^ bonding. 

Our first series of measurements involved determining the effect of a femtosecond 

laser pulse on the stmcture of crystalline graphite. The absorption of a large flux of photons 

can cause rapid heatmg which can mduce extreme local pressures and temperatures. So far, 

there had been no indication that these condition had ever caused a diamond-like phase to 

be formed. A new class of lasers have been developed, however, that can generate shorter 

pulses than were previously possible. Could these shorter pulses induce diamond formation? 

Our research detected no diamond formed using tiiis method. It did provide a deeper 

understanding of tiie material that was formed. We developed a method for measuring the 

graphitic nanocrystal scale in the layering direction. The disordered graphite stmcture tiiat 

was formed will be quantified in both the c- and a-axis directions. Our next series of 

measurements involved studying the increase in ordering of a highly disordered graphitic 
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material through thermal annealing. We will try to infer the bonding stmcture of these very 

disordered films and establish a model that explains the observed Raman vibrational 

spectrum. 

2.2 Pulse-Laser Annealed Graphite 

Our fu*st look at disordered materials involved finding the resolidified phase of laser-

annealed graphite. Much work has been done on the properties of liquid carbon immediately 

after annealing by a short, highly intense laser pulse.'•'* State-of-the-art laser systems can 

generate femtosecond pulses with sufficient intensity to melt various solids, including all 

carbon materials. In highly ordered pyrolitic graphite (HOPG, which will simply be referred 

to as graphite), photons are absorbed by electronic interband transitions within the first 

several hundred angstroms ofthe irradiated surface (dopt = 1/a = 300-A) in graphite at 620-

nm.' This large and rapid energy transfer causes the electrons to reach a highly excited state, 

efficiently breaking all bonds and thereby melting the solid. Through collisions, the 

electrons rapidly transfer kinetic energy to carbon ions which, conceptually, produce a small 

puddle of highly energetic molten carbon on a very short time scale. High pressures within 

tiie melt cause some ofthe liquid carbon to be ejected from the surface, thereby producing 

a crater. 

Reitze, Ahn, and Downer' used reflectance measurements immediately following the 

laser anneal pulse to observe a sharp increase in the reflectance ofthe mehed graphite. This, 

along witii carbon release from tiie surface, has been interpreted as evidence that tiie graphite 

has reached the liquid phase. Steinbeck et al.,'^ Braunstein et al.,^ and Elman et al!^ have 
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done postmortem studies on laser-damaged graphite, similar to this study. Theu- results show 

the formation of randomly oriented graphite platelets which vary in size depending on the 

laser anneal energy. The nanosecond and picosecond duration pulses used in References 2 -

4 are, however, much longer than the femtosecond pulses used here, and could potentially 

lead to a different resolidification phenomena. 

This study confirms that the graphite was indeed melted and will attempt to 

reconstmct physical effects based on the Raman signature of tiie resolidified carbon atoms. 

Raman spectroscopy is well suited to the task of accurately determining the phases ofthe 

materials present. Furthermore, the small (~10-/im) diameter and shallow depth of tiie 

Raman probe make this technique perfect for studying the small sample volumes produced 

in the melting experiment. 

The sample studied was HOPG graphite which had been irradiated with laser pulses 

90 femtoseconds in duration at a wavelength of 620-nm, by H. Ahn and M. Downer ofthe 

University of Texas at Austin. To briefly describe their system, pulses were produced using 

a colliding pulse mode-locked (CPM) ring dye laser followed by a four-stage Nd:YAG 

pumped optical dye amplifier system operating at a 10-Hz repetition rate. The pulse 

intensities were varied over a range to produce energy density (fluences) greater than the 

threshold melt energy density.' The resulting craters are elliptical in shape with a major axis 

~50-//m across. A detailed description ofthe laser melting process is given in Ref 1. Raman 

measurements were performed at room temperature using both the multichaimel and 

scanning systems discussed in Section 1.5.1. The multichannel system was used to measure 

the D- and G-bands. The 514.5-nm line from the argon-ion laser was used for excitation. 

79 



The scanning triple system was used to measure the shearing mode. The 647.1-nm krypton 

laser line was used because it has been shown to resonantly enhance this vibrational mode.^ 

Special care had to be taken to avoid measuring the vibrational spectrum of air. Nitrogen gas 

has a vibrational mode very near the graphite shear mode. To eliminate this problem, argon 

gas was blown over the sample. 

Figure 2.1 compares the Raman spectra from graphite with that taken at the center 

ofthe crater formed with a laser irradiation energy density of 0.82-J/cml The virgin material 

shows the characteristic sharp graphite peak at 1581-cm"' [fiill width half maximum 

(FWHM) = 15-cm'']. Below 0.82-J/cm^, there is no evidence of disorder indicating a return 

to normal graphite stmcture upon resolidification. This is consistent with the work of 

Braustein et al? which was done with pulses of longer duration but comparable energy 

densities. The lower energy density above threshold shown in Figure 2.1, 0.82-J/cm^, shows 

a superposition of a sharp 16-cm''-wide graphite peak at 1581-cm' on top of a broadband 

which is centered at 1600 ± 10-cm"'. The broad Raman signal underlying the graphite 1581-

cm"' line indicates a disordered phase of carbon has been formed which is consistent with 

what is commonly called glassy carbon, but will be referred to as n-graphite. As the long-

range order ofthe graphite breaks down, as was discussed before in Section 1.3.1, k is no 

longer a valid quantum number and we see Raman scattering from vibrations present in the 

nanocrystalline medium which do not correspond to the k = 0 optic phonon observed in 

macroscopic graphite crystals. This spectrum indicates that the laser is probing both the 

damaged near-surface region and the underlying graphite. 
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Figure 2.1. Raman spectra of tiie starting material and the 0.82 J/cm2 laser irradiated 
material. The latter spectrum shows a superposition of tiie graphite peak at 1581-cm' on top 
of a broadband centered at 1600-cm'. The horizontal lines at the right mdicate baselines. 
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Spectra from higher irradiation fluences are presented in Figure 2.2 supporting the 

conclusion of an n-graphite surface layer. The 1.30-J/cm^ spectrum shows a reduction in 

intensity ofthe graphite peak as the disorder region grows, and becomes substantially deeper 

than the optical penetration depth of our laser light. The band from the underlying graphite 

(1.30-J/cm^) is superimposed on a broadband centered at 1600-cm'' (FWHM = 80-cm'), 

identical to the 0.82-J/cm^ irradiated graphite. Also, by an energy density of 1.30-J/cm ,̂ a 

broad feature is seen at 1360-cm'. The 2.05- and 3.25-J/cm^ spectra in Figure 2.2 do not 

seem to show any evidence of undamaged graphite, indicating that we are only probing the 

near-surface n-graphite with 514.5-nm laser excitation. 

The spectra corresponding to the near-surface damaged material are in good 

agreement with measurements of ion-damaged glassy-carbon.̂ -^ The ion-damaged material 

in Ref's 6 and 7 gradually transforms from glassy carbon into amorphous carbon (as in the 

inset to Figure 2.2) with sufficient ion dose. We find that our spectra best agree with then-

glassy carbon following 230-keV Xe^ implantation to a total fluence dose of 9 X 10'̂  

ions/cml The similrity between glassy carbon damaged in this manner and our results 

supports the identification of our material as nanocrystalline graphite, consistmg of small 

platelets of graphite, smaller in dimension than glassy carbon. Also present in our spectra, 

and m tiiose of Ref's 6 and 7 is a broad underlying background spectrum. The exact origin 

of tills background is not known, and tiie spectral range of our data does not permit adequate 

deconvolution to determine its nature. 

An estimate ofthe thickness of tiie n-graphite layer may now be generated based on 

tiie observed onset of n-graphite formation. From our results, tiiis level ranges between 0.52-
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Figure 2.2. Raman spectra ofthe damaged graphite. At an energy of 1.30-J/cm^ a broad 
feature appears at 1360-cm'' while the broadband at 1600-cm'' continues to grow with a 
weak 1581-cm' graphite band superimposed. The 2.05- and 3.25-J/cm^ spectra show no sign 
of undamaged graphite as the depth of n-graphite grows beyond the probe depth ofthe laser. 
The inset shows the Raman spectmm of graphitic amorphous carbon. The horizontal lines 
at the right indicate the baselines. 
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and 0.82-J/cm^ (the former fluence is the first step measured below the latter). Since we did 

not have laser-pulse energy densities between these two values, we will use the average of 

these two values as the threshold energy density above which the carbon resolidifies as n-

graphite and below which it recrystallizes as graphite. As a by-product of our measurements, 

we can estimate the depth at which the laser-pulse peak intensity falls below the value 

needed to form n-graphite (0.67 ± 0.15-J/cm^), assuming a simple exponential attenuation. 

Laser-pulse attenuation is assumed to be sufficiently fast that the absorption coefficient can 

be taken as that of graphite under ambient conditions. This assumption is found to be 

consistent with an independent analysis in Eq. 2.2. For the various laser energy pulse 

densities used here, we calculate the cutoff depth ofthe damage threshold (i.e., the depth at 

which the fluence in the irradiation pulse drops below the value needed to create n-graphite) 

according to 

m-Ie'" (2.1) 

where MOLQ = 300-A' and z is the depth. IQ represents the laser fluence at the z = 0 surface. 

Results for z = d̂ utoff where the energy pulse density reaches the damage threshold of 0.67± 

15-J/cm2 3j.g ijĝ ĝ j jjj Yable 2.1, along with tiie estimated thickness of n-graphite produced. 

Figure 2.3 illustrates tiie cross-sectional view of tiie crater morphology. We do not account 

for tiie carbon losses due to evaporation from the surface, which can decrease tiie thickness 

ofthe n-graphite layer measured. 

We now proceed to test tiie internal consistency of our tiiickness from Eq. 2.1 via tiie 

measured Raman spectra. The Raman intensity of the underlying graphite peak will be 
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Figure 2.3. Diagram showing that for some ofthe craters produced with lower energy 
pulses, the laser probes both the crater and the underlying graphite. 
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Table 2.1 The thickness ofthe near-surface n-graphite regions obtained from Eqs. 2.1 and 
2.2. dcutoff values of zero indicate that no glassy carbon was observed for these fluences. No 
entry in column 3 indicates no glassy carbon or no graphite peak was clearly observed. 

lo (J/cm^) d,,toff«d„G(A) d„G(A) 

[Eq. (1)] [Eg. (2)] 

0.325 0 

0.52 0 

0.82 60 ±13 60 ±10 

1.3 200 ±40 130 ±22 

2.05 335 ± 70 

325 470 ±100 

attenuated by the n-graphite (nG) overlayer characterized by MOL^Q ~ l/acc = 580-A, the 

optical penetration depth of 514.5 nm, and the thickness d^Q. The scattering volume in the 

Raman intensity has a depth (scattering length) term 

L- {t) ~ e -2«-C^^ 
'G 

f" e-'^^dz (2.2) 

which is readily integrated. The factor of 2 in each exponent describes attenuation ofthe 

light as it enters the sample and as it exits in tiie backscattering configuration. By comparing 

tiie Raman integrated intensity of tiie 1581-cm'' band ofthe undamaged graphite (d„G =0) to 

that ofthe 0.82-J/cm2 spectrum, we arrive at a d„G « 60 ± 10-A. For the 1.30-J/cm2 energy 

fluence, where we see a weaker graphite 1581-cm'' peak, we estimate d„G « 130 ± 22-A. 

Most ofthe error reported comes from the estimated 10% precision ofthe Raman intensity 
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ratio. Since the graphite peak intensity following the 1.30-J/cm2 laser pulse is smaller than 

for the 0.82-J/cm^ pulse, the latter generates a better estimate of d̂ G- Both estimates are 

within the total error estimate. The agreement between the two different d̂ G values from 

Equations 2.1 and 2.2 is remarkable, making the internal consistency of this analysis 

satisfying, and supporting the interpretation ofthe graphite Raman signal as being due to 

underlying graphite material either unmelted or recrystallized after melting. Furthermore, 

the resulting agreement between d„G obtained using Eqs. 2.1 and 2.2 justifies the simple 

asumption used in Eq. 2.1 that the femtosecond pulses are absorbed by a material, which is 

described solely by the absorption coefficient of graphite. This is in spite ofthe fact that the 

graphite is in the process of melting (by the pulse) and its optical properties are rapidly 

changing. 

The 1360-cm"' disorder-induced vibrational band continues to grow while the 1600-

cm"' broad peak shrinks and broadens with increasing irradiation energy density. This is 

taken as evidence of slight variance in the microstmcture of the n-graphite produced by 

differing pulse energy densities, i.e., differing characteristics ofthe melt phase. From the 

range of energy densities studied here, we anticipate that little variation in the resolidified 

material will be observed with higher densities. 

Comparisons between the laser-melted graphite and other popular phases of carbon 

were also made. The inset to Figure 2.2 shows the Raman spectmm of an arc- evaporated 

graphitic amorphous carbon film.^ At this point, we do not fmd a simple correlation between 

this spectrum and that of n-graphite or glassy carbon, '̂̂ '''̂ ''" outside of the overlap in the 

overall energy range subtended. Studies, that will be discussed later in Chapter III, try to 
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explain the connection between the two materials. No evidence of diamond formation is 

found. Primarily responsible for the lack of diamond formation is the fact that graphite is 

the thermodynamically preferred state. Since the mass densities of graphite (2.55-g/cm^) and 

diamond (3.5-g/cm^) are considerably different, there is an additional volume related 

stumbling block to rapidly converting graphite to diamond. Most ofthe energy provided by 

the laser pulse is acquired by the electrons, and is dissipated by the surrounding un-melted 

graphite. We also found no evidence of fiillerene production and retention in the crater. 

Our results show that laser pulses of sufficient energy density cause the molten 

graphite to resolidify into a form of carbon similar to graphite in that intermittent graphite 

stmcture, i.e., crystallites, is formed. We envision our nanocrystalline material as containing 

small graphite microcrystal regions, presumably interconnected by a volume filling diordered 

stmcture. Tumstra and Koenig ^ have shown that the intensity ratio ofthe broad 1600- and 

13 50-cm'' Raman bands gives a quantitative indication of L ,̂ the in-plane dimension ofthe 

graphite crystallites. In tiie analysis of Braustein et al.,^ for a much slower melting process, 

the relatively long lasting (>ns) heat and pressure generated by their laser pulses causes 

anannealing mechanism which permits the formation of larger graphite crystallites. They 

propose that >100-A graphite crystal platelets form due to tiie annealing process, which they 

identify to be similar to glassy carbon. By this method, the implied average graphite 

crystallite size for each energy fluence case we measure here is ~ 60-A. This estimate is 

based solely on Raman measurements using the 514.5-nm excitation. There may be some 

variance witii estimates generated using otiier laser wavelengtiis, but we rely on the original 
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work of Tuinstra and Koenig, who used 488.0- and 514.5-nm sources. We will return to the 

validity of this resuh later. 

The n-graphite interplanar stmcture is also altered due to the inhomogeneities in 

planar stmcture created by the laser-melting and resolidifcation process. We studied tiie 

interplanar stmcture of our n-graphite via the low energy 42-cm'' phonon corresponding to 

the shear mode between graphite planes. This mode should be extremely sensitive to 

interplanar disorder and essentially absent if no planar stmcture exists. The Raman spectrum 

of tiie graphite starting material is shown in Figure 2.4. Seen is a weak and relatively narrow 

peak at 42-cm-', in agreement with previous observations.^ The 6-cm'' linewidth is primarily 

due to tiie ~ 5-cm'' spectral bandpass ofthe Raman system. Following the 3.25-J/cm2 laser 

pulse (for which the n-graphite region is sufficiently thick to ensure that we measure only 

that material), the peak broadened to 10-cm'' and the maximum intensity position weakly 

redshifted to 39-cm''. We take this as evidence that annealing has altered the planar stmcture 

but not entirely destroyed it. The implied warping, puckering, and misalignment propagates 

through the relatively floppy carbon sheets. The resulting stmcture is still locally sheet-like 

but not necessarily strictly planar. Interlayer correlation is therefore only weakly present in 

contrast to the well-ordered graphite starting crystals. 

To describe the loss of interplanar regularity, we develop a model to describe the 

effect of diminishing long-range order along the c-axis of graphite. This mode uses the 

vibrational dispersion of graphite for phonons which correspond to interplanar shear motion. 

This choice of vibrational signature is reasonable, since we believe the n-graphite to be 

closely related to graphite. Since the "planes" in n-graphite are not well coordinated, 

89 



H 

H 

A-L = 647.1 nm 

3.25 J/cm2 

42 cm-l 

20 30 40 50 60 70 

RAMAN SHIFT (cm-i) 
Figure 2.4. Raman spectra of low energy region. The interplanar E2g' shear mode of 
crystalline graphite has a vibrational energy of 42-cm'' and exhibits a very weak scattering 
intensity. The n-graphite (following the 3.25-J/cm^ laser pulse) exhibits a slightly redshifted 
(to 39-cm'') and broadened peak indicating a short-range-ordered planar stmcture. 
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crystalline order quickly vanishes as one moves from one sheet to the next. This type of 

treatment of the effects of short-range crystalline order on Raman scattering has been 

successfully used to describe spectra of cubic microcrystalline silicon" and implanted 

GaAs.'2 In tiiat case, tiie k = 0 selection mle fails due to the finite extent of tiie crystallites. 

Failure of the selection mle is manifested in the long-wavelengtii optic modes being 

activated due to interference witii tiie crystallite boundaries, while shorter-wavelengtii (zone-

edge) modes are only weakly influenced. A Gaussian function is used to represent a 

distribution in crystallite size. We express the intensity as a function of energy for tiie 42-

cm'' phonon branch as 

/(o)) ~ r e'-"'''"' ^ (2.3) 
•̂  [[o)-a)(^)]^[r/2]^] 

where L,. is the interplanar correlation length in the n-graphite material and is the only 

adjustable parameter in our model. F is the FWHM linewidth ofthe Lorentzian parent 42-

cm'' mode (6-cm'', in our case). Integration in Eq. 2.3 is in only one k-space dimension 

smce we describe here only the breakdown in coherence in the graphite c-axis direction. The 

dispersion ofthe optic branch is downward as one moves away from the zone center and is 

adequately approximated by 

a)(^) = A * Bcos{-Kq) (2.4) 

where A = 36-cm-' and B = 6-cm'' are taken from Ref's 13 and 14. By using Eq.'s 2.3 and 

2.4, and varying the interplanar correlation length L ,̂ we find that a mean correlation length 

of 2.5 graphite planes best describes the spectmm in Figure 2.4. This indicates that long-
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range interplanar order has been substantially reduced, by the melting-resolidification 

process to an average value of 8.5-A. 

These results are consistent with very weak epitaxial growth. Since the melted 

carbon is sitting on a graphite lattice, it tends to resolidify in a similar lattice (homoepitaxial). 

Also, the sp^ bondmg configuration of graphite is the most desirable phase of carbon given 

the above-noted crystal seeding and volume constraints. As a result, the resolidified material 

best resembles graphite stmcture, possessing a weak interplanar correlation and, possibly, 

puckered, planar stmcture. Additionally, defects were induced by carbon atoms displaced 

following the laser anneal, causing a disordered stmcture to form. 

Our results show that above a threshold energy of approximately 0.67-J/cm^, 

increasing energy densities produce mcreasingly deeper regions of disordered carbon sitting 

above undamaged graphite. Below this threshold, pulse melted graphite epitaxially 

recrystallizes. Presumably, the higher intensities drive the liquid carbon farther from 

equilibrium permitting a disordered phase to solidify. The Raman spectrum ofthe surface 

layer indicates a breakdown of the k = 0 optic-phonon selection rule, imposed by crystalline 

order, and consistent with tiie n-graphite phase. We find that a weak planar stmcture 

persists. This is tiie first such study of residual stacking order in a disordered graphite 

material using Raman techniques. Low-frequency Raman spectra in the graphite shear-

vibration range provide evidence that n-graphite retains some discrete shearing motion. A 

finite correlation length of approximately 8.5-A along the c-axis describes the observed 

Raman measurements well and confirms that n-graphite has layered character with a short 

interiayer correlation lengtii. The presence of a shear mode clearly mdicates tiiat n-graphite, 
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and likely also glassy carbon, has a strong sp^ bonding character, although a mixture with 

odd-membered carbon rings and sp^ bonds could be a viable explanation for the dismption 

of planar order and planar stacking order,and the interconnection between nanocrystallites. 

These results show that the crystallinity of graphite has been altered by the high-energy 

density and ultrsishort duration laser pulses, and provide an improved understanding ofthe 

morphology of this disordered material. 

2.3 Graphitic Amorphous Carbon 

As we have seen from the previous section, Raman spectroscopy can be used to 

provide a detailed picture of the short and long range bonding stmcture of a disordered 

carbon material. Although the crystallites were small in spatial extent, their local bonding 

stmcture was considered entirely sp^ hybridized. The broadenmg of both the G- and D-bands 

indicates that there is a variation in the bond angles and lengths. In tiiat study, and most other 

studies, it has been assumed that the medium range order has been the same as that of 

graphite, i.e., six-membered hexagonal rings. This assumption is not justified in highly 

disordered materials. ' 

In order to better understand tiie nature of tiie highly disordered sp^ carbon state, we 

embarked on a series of experiments that utilized annealing. Our goal is to determine the 

degree of crystalline order in these highly disordered graphite-like materials. This would 

include microcrystallite size and information about stacking order. Heat treatment of a 

material is a commonly used way to change the morphology ofthe sample. Dillon et al. '̂  

conducted what has become tiie benchmark annealing study on disordered carbons. For tiieu-
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starting material, they used an hydrogenated amorphous carbon (a-C:H) sample produced by 

ion-beam sputtering. This material was thought to contain both sp^ and sp^ bonded carbon 

(fraction unknown), which makes it a fairly complex material given the possibility of mixed 

phases, hydrogen bonding, and high levels of disorder. The sample was annealed in vacuum, 

in steps, from 200 "C to 900 ''C. The spectra showed the G-band starting to narrow at 400 

"C and the growth ofthe D-band. They concluded that most stmctural change occurred in 

the range of 400 •'C - 600 °C, including the increase in lateral crystalline dimensions. Not 

much change occurred above 600 °C. 

The presence of hydrogen in carbon materials can play a big role in determining the 

degree of sp^ bonding.'^ Hydrogen is driven out at ~ 600 "̂C and once it is gone, the lattice 

tends to relax towards a graphitic stmcture. We do see the characteristic two-band stmcture 

of n-graphite opposed to the single broad band of a-C which tells us that a change in 

stmcture has occurred. The Tuinstra and Koenig^ calibration curve was used to show that 

long-range order had been mcreased as a result ofthe annealing. However, the ID/IQ ratio is 

outside (>1) the bounds ofthe accepted calibration and therefore, is not known to be valid. 

In addition, they assumed that the spectrum contained only the D- and G-bands and did not 

adequately consider the possible contribution of sp^ bonded carbons or non six-membered 

rings. 

Another important aimealing study was conducted by Rouzaud et al}"^ on a carbon 

film produced by condensing carbon vapor in vacuum. Although not stated, the initial 

Raman spectra indicated that the starting material is most similar to graphitic amorphous 

carbon. Close examination ofthe Raman spectrum is sometimes needed in order to tell the 
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difference between amorphous carbon (some fraction of sp )̂ and graphitic amorphous carbon 

(no sp^). The temperature at which the D- and G-bands become resolvable is another 

indication that the parent amorphous morphology was GAC. If a single broad band persists 

to high anneal temperatures (~ 800 "C), then the starting material was a-C* 

Rouzaud et al's^'^ annealing study ran from 25 °C to 2700 "C and showed the 

transformation of a disordered carbon material into crystalline graphite. The Raman spectra 

appeared to be heavily smoothed but did show the coalescence ofthe D- and G-bands from 

a single broad band. They used a third band near 1500-cm'', in addition to the D- and G-

bands, to fit the spectrum for the anneals below 1700 **C. They attributed this band to 

vibrational modes due to interstitial carbons. These interstitial carbons are annealed out as 

the temperature is raised. Their analysis also included some impressive transmission electron 

microscope pictures of the transformation process. These edge-on shots provide a clear 

picture of the onset of stacking order but do not confirm the presence of the interstitial 

carbons or show odd-membered ring stmctures. 

Our own experiment was similar to Rouzaud et a/.'s,''' but we have looked at the 

lower temperature regime in more detail and provide a different explanation for the non D-

and G- band contribution. Our starting material was GAC made by Arizona Carbon Foil Co., 

Inc. and grown on a quartz substrate. Annealing was done by Dr. J. R. Dennison (Utah State 

University). Each sample was annealed for 1 hour in vacuum (10'^ torr) at a temperature 

between 50 °C to 1050 "C witii 100 ''C spacmgs. The fihn tiiickness is approximately 1200-

A. This material does not contain any sp^ bonding and hydrogen.'^ It is potentially a simpler 

material than the one used by Dillon et al}^ The Raman measurements were carried out in 
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the high phonon energy regime (1100 - 1700-cm'') with the multi-channel system 

(integration time: 10-minutes/spectrum) and in the low phonon energy region (20 - 70-cm"') 

using the scanning triple-additive dispersive system described in section 1.5.1. All 

measurements were carried out at room temperature in a backscattering geometry. The 

488.0-nm (2.54-eV) laser line from the argon laser was used in the multi-channel 

measurements. The 647.1-nm (1.91-eV) laser line was used for the scanning measurements. 

Figure 2.5 shows the progression ofthe Raman spectra as the annealing temperature 

was increased. The long integration times afforded by the multi-channel system produced 

Raman spectra with much higher signal to noise ratio (S/N) than most other studies of 

disordered graphites.'^'^° The spectra presented have not been smoothed. The high quality 

spectra make it possible to accurately determine peak positions and widths and determine if 

other vibrational modes are present. The characteristic two-band stmcture of n-graphite 

begins to emerge after 350 **C. By 1050 ''C, the two bands are clearly present but are still 

much broader than the n-graphite spectrum shown in Figure 1.10. The analysis of these 

spectra involves deconvolution using a non-linear, least-squares curve fitting algorithm 

(PeakFit). The program finds the best fit to the spectrum using a number of user-defined 

Gaussian curves. The problem with the GAC spectrum is that it is unclear how many 

Gaussian components make up this curve and what the components are caused by. To 

partially remedy this, we started our deconvolutions with the highest temperature aimeal 

(1050 "C) where the D- and G-bands were clearly visible. Taking tiie simplest approach 

first, we tried fitting tiie data vdtii only two Gaussians. This is shown in Figure 2.6. Clearly, 

using only two Gaussian does not provide a good fit, especially in the 1500-cm'' region. 
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Figure 2.5. Raman spectra of a-GAC at various anneal temperatures. 
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Figure 2.6. Raman spectrum of a-GAC 1050 °C fit with two Gaussians. 
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Using asymmetric bands did not result in a good fit, either. In Figure 2.7 we show 

that we get a much better fit using three bands for this and the higher temperature anneals 

(>550 "C). The tiiird band will be referred to as tiie A-band. Below 550 *C, tiie spectra can 

be fit with only two bands. Three bands can be used, but we found that the fits were not 

unique. The final band positions were largely dependent upon tiie initial parameters. The 

A-band is probably still present, but it has been broadened by the high levels of disorder and 

cannot be separated from the other two bands. 

Our first step was to explore tiie various trends seen in the spectra. We will first look 

at tiie necessity ofthe third band in the higher temperature anneals. Next, we will look at the 

peak position shift ofthe G-band and use a theoretical calculation to offer an explanation for 

the observed shift. Then we will explore the veracity ofthe Tuinstra and Koenig ^ model for 

these highly disordered carbons. We will also look at IR absorbance data to see if it can help 

establish crystallite size. 

The first question that we will address is the physical justification for the third band. 

Just because a third band is necessary to fit the measured spectra does not reveal the physical 

origin. As was discussed in Section 1.3, Doyle and Dennison '̂ have calculated the 

vibrational energy of carbon rings with N = 4 - 8 members. Isolated five-membered rings 

have a vibrational mode at 1529-cm'' and seven-membered rings have one at 1531-cm'. 

Figure 2.8 shows the curve-fit spectrum ofthe 950 "C anneal. The spectrum shows the D-

and G-bands at 1369-cm'' and 1594-cm"', respectively. In addition, there is a third band at 

1516-cm''. There is no clear progression in either the intensity or position of this band m the 

550 - 1050 ''C annealed samples. Odd-membered rings are a plausible explanation for the 
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Figure 2.7. Raman spectrum of a-GAC 1050 'C fit with three Gaussians. 

100 



A-GAC 950 C 488nm a15ai21.1369.95^ 112241) 
3a2066t 1511.12. 29.6816) 
I5a812.159203. 426648) 

Bkgnd(*182857. *0.0233281) X2=13841.173 r2=0.98449196 

1300 1500 
WAVENUMBEJS 

1700 

Figure 2.8. Curve-fit of tiie Raman spectrum of a-GAC 950 "C. 
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linking of microcrystalline aromatic regions and would facilitate planar warping. C-60 and 

other fullerenes are possible because ofthe curvature that the five-member rings impart. 

The next question to be sure of is, would vibrational mode(s) in GAC corresponding 

to five-membered rings be Raman active and detectable. Although it is difficuh to directly 

compare the relative intensity ofthe vibrational modes between the various carbon phases, 

we would like to further explore the plausibility of our arguments. As we saw in Section 1.2, 

C-60's Raman spectrum is dominated by a peak at 1470-cm"' which corresponds to a mode 

ofthe pentagonal rings. It has lOX the intensity ofthe 1574-cm'' peak which corresponds 

to a mode analogous to the Ejĝ  mode of graphite (i.e., hexagonal ring). In capped nanotubes, 

there is no detectable pentagonal mode. This is probably due to the fact that the pentagonal 

rings in the cap have a negligible population (intensity) when compared to the hexagonal 

rings ofthe cap and tube. This indicates that five-membered rings, as long as they comprise 

a significant fraction ofthe bonding, are observable in Raman scattering. This suggests that 

five-membered rings in GAC would be measurable and substantiates the CRN model of 

GAC. 

As we have seen previously (Figure 1.6), the G-peak of crystalline graphite occurs 

at 1581-cm''. It has been well established that as the crystallite size is reduced, the peak 

broadens and upshifts to ~ 1600-cm''. What has not been looked at as closely is what 

happens to the G-band when a graphite-like material is highly disordered. Figure 2.9(a) 

shows the G-peak position versus anneal temperature. For unannealed GAC, the G-peak is 

~ 1550-cm"'. As tiie anneal temperature is increased, we see an upshift ofthe band through 

1581-cm'' until it reaches ~ 1595-cm"'. Higher aimeal temperatures would eventually cause 
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Figure 2.9. G-peak parameters for a-GAC. (a) G-peak position versus anneal temperature for 
a-GAC. (b) G-peak width versus anneal temperature. 
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crystalline graphite to form, resulting in a G-band at 1581-cm-'. This upshift and tiien 

downshift (dovmshift not shown in Figure 2.9(a)) in the peak vibrational mode is fairiy 

peculiar and lends itself to further investigation. 

At the same time tiie G-band is shifting, tiie D-band also shifts. Figure 2.10(a) shows 

the D-band position as a function of aimeal temperature. The band decreases with higher 

anneal temperatures to ~ 1365-cm''. In nano-crystalline graphite, with larger crystallites than 

seen in these annealed GAC samples, the G-band is usually in the 1365-cm' range also 

(using 2.54-eV excitation) which indicates that we have reached a lower limit in peak energy. 

Figure 2.10(b) shows the decrease in the D-band width as a function of anneal temperature. 

The D-band is very broad and most likely encompasses the A-band. 

A possible explanation for this shift ofthe G-band will now be discussed. In section 

1.3 we discussed the origin ofthe G-band in microcrystalline graphite. It was found to arise 

from finite size effects causing zone-edge vibrations to become Raman allowed. We will 

now explore the effect finite-size crystals could have on the vibrational frequency ofthe G-

band. Figure 2.11 shows an enlargement of a F - M branch of the dispersion curve for 

crystalline graphite. At the F-point this is the E2ĝ  vibration.^ The curve increases and then 

decreases below the F point (1581-cm'') frequency as it goes to the M point. As the 

crystallite size is reduced from infinity, more and more of this branch can be accessed and 

will be manifested in the Raman signal. In order to model the effect of finite size on the 

frequency of the peak vibrational mode of microcrystalline graphite, we apply the highly 

successful model ^̂ '̂ ^ that determines the theoretical Raman line shape parameters of a 

crystalline vibrational mode due to finite crystallite sizes. This model was discussed in 
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Figure 2.11. Enlargement of tiie E2^ branch of tiie phonon dispersion curve of graphite. 
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section 2.2 when developing an understanding ofthe shear mode at 42-cm"'. The equation 

for the Lorentzian line shape, integrated over a disc crystallite (i.e., two-dimensional) is 

given by 

^̂ ") - J r.. ... x./i.>.o (2.5) [w-o)(^)]^(r/2)^ 

where I(o)) is tiie mtensity of tiie Lorentzian, q is the frequency and is given in units of 27t/a|, 

where a, is the lattice constant (2.46-A), FQ is the experimental width of tiie G-band in 

crystalline graphite (20-cm-'). o)(q) is tiie dispersion curve of tiie £3/ mode from the F to M 

points, and L is tiie diameter ofthe crystallite in units of a,. This branch ofthe dispersion 

curve is degenerate at the F point and splits into an upper and lower branch. The upper 

branch has an arbitrary shape and was fit using a constant and two Gaussian curves. In an 

analogous study of h-BN by Nemanich et al.,^^ this branch was approximated with a 

parabola. This approximation seems to lose some of the information contained in the 

dispersion curve. Because of the large negative dispersion of the lower branch, its 

contribution will be spread out over a larger range and contribute only a broad component.^^ 

For convenience of generating a numerical calculation of Equation 2.5, the phonon branch 

was digitized, and the data points were fit using PeakFit. The resulting function is given by 

0)= 1410 . (95.2)e ^°'"^ * (118)e ^ °'"' ' ^^'^f 

Equation 2.5 was integrated for a number of different crystallite diameters L (L = 1, 2, 3, 5, 
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10, 20, 50, 100). L is in units ofthe lattice spacing (2.46-A). Examples are shown in Figure 

2.12 of the finite size broadened ^2^ mode. For L = 100, the calculated Raman spectrum 

is centered at 1581-cm'' and its linewidth is 20-cm''. As the crystallite size is reduced, (L 

= 50,20), we see tiie characteristic upshift and broadening. As the crystallite size is reduced 

even further (L = 10, 5, 3,2,1), we see that the curve broadens into an asymmetric band with 

a low energy contribution in tiie 1550-cm'' range. This trend is similar to what is measured. 

This calculation allows average crystallite dimensions to be estimated by determining 

the peak position of the G-band in the actual Raman spectrum. These values could be 

compared to the Tuinstra and Koenig ^ method. As a reminder, the Tuinstra and Koenig 

method only correlated Raman and x-ray data down to a crystallite size of 30-A (ID/IG ratio 

of ~ 1). For highly disordered graphites with ratio's higher than this, the method is usually 

extrapolated. Our calculation explores the validity ofthe extrapolation. Figure 2.13 shows 

a plot of crystallite size versus G-band peak position, taken from the curves in Figure 2.12. 

This shows that samples with G-bands centered below 1581-cm'' have very small clusters 

with dimensions of- 5-A. This corresponds to only about 5 hexagonal carbon rings. Very 

quickly, the band center goes above 1581-cm"' and reaches a maximum of 1594-cm''. There 

is a range from 7 - 25-A where the calculated peak does not shift in position. This means that 

a measured G-band at ~ 1594-cm'' could correspond to average cluster size anywhere m this 

range. Larger crystal sizes approach the 1581-cm"' peak position associated with long-range 

order. Looking back to Figure 2.9(a) we see that, based on this method, the cluster sizes 

range from below 10-A for the GAC annealed at temperatures below 550 °C. The higher 

anneal temperature samples (750 •'C - 1050''C) show a plateau in tiie peak position similar 
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Figure 2.12. G-band as calculated using Equation 2.5 and varying the number of six-
membered rings in the cluster. 
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to the one seen in Figure 2.13 and indicates a cluster size in the 15 - 25-A size. Increased 

ordering could be taking place, but it does not cause a shift in the band position according 

to this model. Higher temperature anneals would eventually cause more ordering, which 

would downshift the band to 1581-cm"'. 

The usual Tuinstra and Koenig technique was also used to estimate the average 

crystallite size of each sample. The ratio of the intensities of the D- and G-band were 

converted to crystallite size using Figure 1.12. Figure 2.14(a) shows the crystallite size 

versus anneal temperature. The trend, starting from no annealing, shows a decrease from 

30-A to a mmimum of 13-A at 650 "C, and tiien an increase to 18-A. This is counterintuitive. 

One would expect unannealed GAC to have the smallest crystallite size, and subsequent 

annealing would cause an increase in size. The method is unreliable for materials such as 

this because it does not take into account the contribution ofthe A-band. The A-band could 

have an underlying intensity which is great enough to skew the intensity of the G-band, 

causing it to have a larger intensity. This would also influence the peak position of G. The 

ID/IG ratio would mcrease and result in a small value for tiie crystallite size. Figure 2.14(b) 

shows the T & K crystallite size versus G-band position. This echos the trend of Figure 

2.14(a) and does not reflect any increase in crystalline ordering. 

Another possible way to determme tiie average crystallite size is by determining the 

band gap of tiie material. An FTIR-absorption spectrum was taken ofthe unannealed GAC 

sample. The FTIR measures absorbance [A] as a ftmction of photon energy [E=hv]. Using 

the Tauc equation: 
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a/iu = QiM-E^"^ (2.7) 

where a equals the absorbance divided by the film thickness (A/d) and hu is the photon 

energy, we can find the band gap (Eg) of tiie material. Figure 2.15 shows tiie plot of (aE)'̂ ^ 

versus photon energy (E). The line can be extrapolated to the x-axis. The x-mtercept gives 

tiie band gap for the material and in this case is ~ 0.1 -eV. Robertson has proposed a model 

for determining the optical gap (Eg) of clusters of fiised six-membered rings: 

^. = ^ t^^ (2-8) 

where N is the number of fiised rings-^"* (see Figure 2.16) Based on this, GAC would be 

made up of crystallites containing ~ 3600 rings with a size well above 200-A. This is clearly 

much different than the Raman result. This model does not take into account the 

contribution of bond length and angle disorder or the presence of non-six membered rings. 

Therefore, there is a strong conflict between Robertson's size analysis and the dimensions 

extracted from the Raman analysis. 

In addition to studying the in-plane stmcture, we attempted to determine if stacking 

order had been established through annealing. We used the same procedure detailed in 

Section 2.2 for the study ofthe shear mode in the laser-annealed sample. Unfortunately, we 

were unable to see any evidence of stacking order, even in the sample annealed to 1050 °C. 

There are a few different reasons why we did not observe a vibrational mode near 42-cm*'. 

The first reason is that there might not be any stacking order yet. The STM pictures by 

Rouzaud et al}"^ do not show any stacking order at 800 "C. At 1510 *C, stacking order is 
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visible, but is only three to four layers in extent. If there is stacking order and we did not 

detect it, there are also a number of reasons. This vibrational shear mode has a very low 

scattering efficiency and therefore is very difficult to measure. Further attempts are 

necessary to be fiilly convinced that stacking order can not be observed in this manner. 

Our results are consistent with the model of GAC as being a two-dimensional CRN 

with crystallites containing five-, six-, and seven-membered rings. The highly disordered 

stmcture results in the extreme broadening ofthe vibrational modes and makes it difficult 

to separate the various modes. An explanation for the movement ofthe G-band has been 

attributed to a finite crystallite-size effect. The proposed model gives a qualitative picture 

ofthe process. The spatial extent starts on the order of 10-A and gradually rises to 25-A 

through higher temperature annealing. The Tuinstra and Koenig model ^ appears to break 

down for highly disordered graphite samples such as the ones studied in this annealing series. 

There was no evidence of stacking order which is plausible given the very small in-plane 

crystal stmcture. It is hoped this information can be used to try to understand amorphous 

carbon materials which have similarities to these highly disordered graphite-like materials. 

2.4 Conclusions 

These two studies have demonstrated the abilities and limitations of Raman 

spectroscopy to determine tiie bonding stmcture of disordered carbon materials. In tiie study 

of tiie laser-annealed graphite, we were able to confirm tiiat tiie graphite had been melted and 

tiiat tiie resolidified material could be either HOPG or a nano-crystalline phase with planar 

dimensions of 60-A and average stacking order of 2.5 planes. The Raman spectra showed 
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that two superimposed carbon layers could be accurately separated and measured. Small 

probe volumes were essential for this experiment and were done relatively easily witii tiie 

micro-Raman apparatus. Uncertainty about tiie naUire of tiie bonding stmcture holding nano

crystallites of graphite togetiier enticed us to undertake tiie study of a more highly disordered 

material. Graphitic amorphous carbon was annealed to various temperatures to change the 

morphology. Our results showed evidence of a vibrational mode which likely does not 

originate from aromatic clusters. Theoretical calculations confirm the possibility of 

vibrational modes in this energy region that originate from odd-membered rings. These rings 

bind the nano-crystallites together and warp the usual planar stmcture of graphite. This 

results in a material, which to this point, has not been shown to have discemable stacking 

order in the c-axis direction. A second finite-size effect could cause the G-band shift in the 

annealed GAC samples. In order to increase the usefiilness of Raman spectroscopy for 

carbon studies, our next section will introduce the concept of resonant-Raman 

spectroscopy. 

117 



2.4 References 

[I] D. H. Reitze, H. Ahn, and M. C. Downer, Phys. Rev. B 45, 2677 (1992). 

[2] J. Steinbeck, G. Braunstein, J. Speck, M. S. Dresselhaus, C. Y. Huang, A. M. 
Malvessi, and N. Bloembergen, in Beam Solid Interactions and Transient Processes, 
edited by M. O. Thompson, S. T. Picraux, and J. S. Williams, MRS Symposia 
Proceedings No. 74 (Materials Research Society, Pittsburgh, 1987) 

[3] G. Braunstein, J. Steinbeck, M. S. Dresselhaus, G. Dresselhaus, B. S. Elman, T. 
Venkatesan, B. Wilkens, and D. C. Jacobsen, in Beam-Solid Interactions and Phase 
Transformations, edited by H. Kurz, G. L. Olsen, and J. . Poate, MRS Symposia 
Proceedings No. 51 (Materials Research Society, Pittsburgh, 1986). 

[4] B. S. Elman, G. Braunstein, M. S. Dresselhaus, and G. Dresselhaus, Phys. Rev. B 29, 
4703 (1984). 

[5] R. J. Nemanich and S. A. Solin, Phys. Rev. B 20, 392 (1979). 

[6] S. Prawer and C. J. Rossouw, J. Appl. Phys. 63, 4435 (1988). 

[7] S. Prawer, F. Ninio, and I. Blanchonette, J. Appl. Phys. 68, 2361 (1990). 

[8] J. O. Stoner, J. Appl. Phys. 40, 707 (1969). 

[9] F. Tuinstra and J. L. Koenig, J. Chem. Phys. 53, 1126 (1970). 

[10] R. Zallen, The Physics of Amorphous Solids. Wiley, New York, 1983. 

[II] H. Richter, Z. P. Wang, and L. Ley, Solid State Commun. 39, 625 (1981). 

[12] K. K. Tiong, P. M. Amirtharaj, F. H. Pollak, and D. E. Aspnes, Appl. Phys. Lett. 44, 
122(1984). 

[13] R. Al-Jishi and G. Dresselhaus, Phys. Rev. B 26, 5414 (1981). 

[14] S. A. Solin, Physica B 99, 443 (1980). 

[15] R. O. Dillon, J. Woollam, and V. Katkanant, Phys. Rev. B 29, 3482 (1984). 

[16] M. Weiler, R. Kleber, S. Sattel, K. Jung, H. Ehrhardt, G. Jungnickel, S. 
Deutschmann, U. Stephan, P. Blaudeck, and Th. Frauenheim, Diamond and Related 
Materials 3, 245 (1994). 

118 



[17] J. Rouzaud, A. Oberlin, and C. Beny-Bassez, Thin Solid Fihns, 105 (1983). 

[18] T. Friedmann, K. McCarty, J. Barbour, M. Siegal, and D. Dibble, Appl. Phys. Lett. 
68, 1643 (1996). 

[19] J. Dennison, G. Swain, and M. Holtz, Spectroscopy (to be published). 

[20] S. Prawer, F. Ninio, I. Blanchonette, J. of Appl. Phys. 68, 2361 (1990). 

[21] T. Doyle, J. R. Dennison, Phys. Rev B 51, 196 (1995). 

[22] T. Dallas, M. Holtz, H. Ahn, M. Downer, Phys. Rev. B 49, 796 (1994). 

[23] R. Nemanich, S. Solin, R. Martin, Phys. Rev. B 23, 6348 (1981). 

[24] J. Robertson, Surf. Coatings Technology 50, 185 (1992). 

119 



CHAPTER III 

RESONANCE RAMAN STUDIES OF CARBON MATERIALS 

3.1 Introduction 

As we have seen in the previous chapters, Raman spectroscopy is an excellent way 

to determine the stmcture of carbon materials, but there are difficulties in determining the 

stmcture of disordered carbon sohds. For some carbon materials, the intensity ofthe Raman 

scattered light varies depending on the wavelengtii of light used as the excitation source. This 

will be referred to as Type I resonance (I vs. >.G)L). In addition to a change in intensity, some 

vibrational modes in disordered carbon solids also shift in peak position energy. This will 

be referred to as Type II resonance (>)Ci)pVs. ^hcoj. These resonance Raman effects will be the 

subject of this chapter. In attempt to get an overview of the subject, we will chronicle 

previous work in this area in addition to a discussion of our own measurements. We will 

draw clues from as many different carbon phases as possible in order to determine the 

veracity of proposed theories and our own interpretations on the stmcture of disordered 

carbon materials. Robertson has summarized some resonance results' but did not include any 

phases aside from a-C and n-graphite. Once again, we will first begin our study by looking 

at the crystalline phases before moving on to the more treacherous disordered phases. 

As we have just alluded to, there are two main categories of resonance Raman 

experiments. The first type of experiment involves looking at the behavior ofthe absolute 

intensity of a vibrational mode when the excitation wavelengtii is changed. The goal is to 

determine if tiie scattering efficiency is affected by a change in tiie excitation wavelengtii. 
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The behavior ofthe Raman scattering cross-section can give important clues witii regard to 

the interaction between vibrational and electronic excitations. This type of experiment is 

very difficuh for a number of reasons. The intensity of tiie excitation wavelengtii incident 

on the sample has to be known very accurately. Reflection varies with wavelength, 

determinmg what fraction of incident light enters the material. The scattering volume will 

vary depending upon the wavelength of light used. In most cases, longer wavelengtiis will 

have larger penetration depths (scattering volumes). These parameters and many others, 

along with an understanding ofthe system response over a broad range of wavelengths make 

an accurate analysis challenging. Once the data has been collected there is then tiie difficult 

task of understanding the resonant energy levels involved and the various scattering 

mechanisms. Many such resonance phenomena have been studied in detail for crystalline 

carbon phases and stem from the energy denominator in Equation 1.11 and the electron-

phonon interaction mechanism.-^ 

The Type II resonance Raman experiment done on carbon materials involves 

changing the wavelength of excitation and monitoring the frequency shift ofthe vibrational 

modes and possible changes in the relative intensities of these modes. This type of response 

has been studied in disordered carbon materials. The disordered sp^ and sp^ bonded carbon 

phases have characteristic vibrational modes which overlap in energy. Because of this 

overlap, for some samples, it is very difficuh to adequately decipher the implied stmcture. 

As we will discuss, these different phases of carbon have different responses to a change in 

excitation frequency. This effect allows fiirther separation of multi-stmctural-phase samples. 
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.2 

We will begin our sttidy by first looking at Type I resonance Raman sttidies of 

diamond, graphite, and C-60. A resonance sttidy of diamond was done by Calleja et al 

They determined that the first-order vibrational mode in diamond did not show any 

resonance enhancement up to an excitation energy of 4.8-eV. This comes about through a 

cancellation ofthe resonant conttibutions ofthe E '̂ and Ej gaps.' The second-order mode 

did show a resonance enhancement. This is important to studies that deal with synthetic 

diamonds that contain some level of disordered stmcture. These results show that the 1332-

cm' diamond peak can be treated as a constant intensity and phonon-energy standard. If 

there are variations in relative intensity between the peak and other vibrational modes, the 

change in intensity and position is occurring only in these other modes. It is possible, 

however, that this result might not hold for microcrystalline diamond. 

Sinha and Menendez ^ looked at resonant scattering in graphite. Their results showed 

that the 1581-cm' zone-edge mode (G-band) was resonantly enhanced with increasing 

photon energies from 1.83-eV to 2.71-eV. They also found that the second order ofthe D-

band (2720-cm"') was resonantly enhanced at approximately one-third of that rate. This 

effect was attributed to the approaching ofthe TT-TI* (4.5-eV) transition with higher photon 

energies. Despite its wide-spread use, this argument is difficult to accept given the fact that 

the laser energy is less than one-half this value (e.g., 2.71-eV). Other interband transitions 

were discounted because they occur at much higher or lower energies. There was no Type 

II behavior. The 42-cm"' shear vibrational mode was found to be only slightiy enhanced and 

the dispersion was attributed to a weak electron-phonon couplmg. Once again, we will need 

to keep these results in mind when we look at resonance effects in nanocrystalline graphite. 
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C-60 vibrational modes also show resonant enhancement with higher photon 

energies. Sttidies by Denisov et al"^ and Dick et al.^ have botii shown tiiat tiie intensity of 

some ofthe vibrational modes is dependent upon excitation energy. Denisov et al.^ smdied 

a C-60 fihn (l-^im thick) deposited on silicon witii excitations of 1.16, 1.92, and 2.54-eV. 

In tiie phonon energy range sttidied (100 - 1600-cm'), C-60 has 10 vibrational modes at 271, 

431,496, 709, 772, 1100, 1250,1424, 1468, and 1574-cm-'. These modes occur at tiie same 

energy for each excitation (i.e. no Type II response), but the relative intensities can vary 

quite dramatically. The 709-cm"' mode was not seen in tiie 1.16-eV spectrum, but was the 

same mtensity as the 772-cm"' mode in the 2.54-eV spectrum. The higher energy vibrations 

of 1424-, 1468-, and 1574-cm"' become much more intense compared to the 271- and 496-

cm' modes. The 1468-cm"' mode corresponds to a breathing mode ofthe pentagonal rings. 

This enhancement of a mode assigned to five-membered rings may be relevant in materials 

that are expected to have odd-membered ring stmcture. The 1574-cm' mode corresponds 

to the analogous vibration ofthe Ejĝ  mode of graphite, which is slightly down shifted due 

to the curvature ofthe overall stmcture. The enhancement is consistent with the results of 

Sinha and Menendez^ for graphite. Dick et al.^ saw an enhancement ofthe 497-cm' and 

1469-cm"' lines in the excitation regime between 2.4-eV and 2.5-eV. 

Now that we have seen the behavior of crystallme phases to a range of excitation 

energies, we will now explore studies of disordered carbon phases. Disordered carbons can 

show both Type I and Type II resonance. We will fu-st look at as-grown and post growtii 

disordered graphites because they have short (sp )̂ and medium (hexagonal rings) range order 

but limited long range order (~ 60-A crystallites calculated by T & K metiiod).^ They were 
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tiie fu-st disordered carbon material to be studied in tiiis fashion. Vidano et aV were tiie fû st 

to notice a shift in the vibrational energy of some of the features seen in n-graphite as a 

ftmction of excitation energy. They showed tiiat tiie 1360-cm-' (D), 2720-cm-' (2xD), and 

2950-cm-' (D+G) bands all upshifted witii increasing wavelength. The D-band upshifted at 

a rate of 55-cm'/eV. The 2xD band upshifted at twice this rate. The 1580-cm-' and 1620-

cm' bands did not shift. They were not able to determine any cause for the shifts but 

discounted the possibility that the different laser energies were probing different, 

inhomogeneous regions of the sample. They did not see any significant change in the 

relative intensities of the D- and G-bands. Subsequent experiments have shown a trend 

where the D-band is enhanced, relative to the G-band, at longer wavelengths. 

McCreery et al.^ have done a more extensive study of both the first, second, and 

third-order vibrational modes of HOPG and nano-graphites. Their main results are consistent 

with those of Vidano and Fischbach,^ but they saw radical changes in the relative intensities 

of the D- and G-bands. They also found that the D-band position was independent of 

crystallite size, but the G-band position varied slightly with crystallite size. This tends to 

discount the possibility that the resonance shift is due to the sampling of different sub-

populations of crystallites with varying sizes. They determined that the intensity ofthe D-

band is dependent on the edge density. Therefore, tiie smaller the microcrystallites the more 

edges there are, enhancing the D-band. The D- and G-bands show Type I resonance, 

although it is not yet fiilly understood. 

The resonance experiments done on disordered graphite materials have set the 

foundation for looking at similar phenomena in materials considered diamond-like or 
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amorphous carbon. There is still uncertainty in tiie understanding of tiie origin of vibrational 

modes seen m a-C and DLC. These materials have the possibility of multiple phases being 

present simultaneously in a hybrid stmcture. As we have noted in Section 1.3, there have 

been numerous theories describing the stmcture of a-C type materials. The absence of 

diamond resonance (Type I and II) and the presence of both Type I and II resonance in 

graphitic materials suggests that resonance effects could be used to better understand the 

bonding prevalence in amorphous phases. 

Extensive resonance experiments on amorphous carbon films have been done by 

Wagner et al.^'^^ and Yoshikawa et al.^^'^^ Wagner first used resonance Raman to look at an 

a-C:H film prepared by rf-plasma deposition from hydrocarbon gases. The films were 

thought to be approximately 1/3 sp^ and 2/3 sp^ bonded carbon with 35 at. % hydrogen. The 

A-band shifts from 1500-cm-' with 2.18-eV excitation to 1600-cm-' with 3.54-eV. They 

attribute the shift to scattering from TI-bonded sp^ carbon clusters as the n-iz* transition 

energy was approached with higher photon energies. They also assume a two-phase model 

to account for the observed spectrum. The two phases have different responses to a change 

m photon energy. As the photon energy is varied, the relative contribution from each phase 

changes the resultant superposition ofthe two spectta. This causes an apparent shift in the 

vibrational modes seen. This is a plausible explanation and we will see some evidence of 

this, but this cannot explain the shift seen in n-graphite. 

Yoshikawa et al. '̂ "'̂  conclude that finite crystallite size effects are responsible for the 

shift of tiie vibrational modes. Their analysis attributes tiie majority of tiie observed intensity 

of tiie vibrational modes to scattering from sp^ bonded clusters. Robertson and O'Reilly'^ 
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have developed an equation for band gap as a ftmction of crystallite size and have shown tiiat 

smaller crystallites have a larger band gap (Figure 2.16). Different excitation energies 

preferentially excite crystallites of a certain size range. Yoshikawa et al. '̂ "'̂  concur tiiat tiie 

vibrational mode of a crystallite depends upon its size. They think there is a bimodal 

distribution with the mode at ~ 1400-cm"' due to larger crystallites and the ~ 1530-cm"' band 

due to smaller clusters. As the TT-TU* transition energy is approached, resonant-Raman 

phenomena emerge, which tend to enhance the G-band over the D-band. 

Other resonance studies of a-C have also been done by Marcus et al.^^ and Sela et 

al.^^ Marcus et a/. ̂ * looked at a number of different samples that were grown using a plasma 

assisted chemical vapor deposition technique. Various growth temperatures and hydrogen 

etches controlled whether the material was primarily diamond or had other phases present. 

They used Peakfit to deconvolute their spectta into multiple bands. In some samples they 

saw vibrational modes from n-graphite at 1350-cm"' and 1590-cm"', vibrational modes which 

they attribute to amorphous diamond at 1350-cm-' and 1550-cm-', and bands at 1470-cm"' 

and 1150-cm"' due to amorphous sp^ bonding and nanocrystalline diamond, respectively. 

Lower excitation energies enhanced the graphite-like features compared to those due to 

amorphous diamond. They did not see a shift in the peak positions of the diamond-like, 

amorphous, vibrational modes. 

Sela et aO^ produced a-C:H samples using a glow discharge system usmg C2H2, CO2, 

and Ar gases. They used ion irradiation to remove hydrogen from the films and determined 

this effect on the first and second order resonance-Raman spectta. Rutherford backscattering 

measurements confirmed that hydrogen content was reduced. They found a monotonic 
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decrease in the Raman polarizability with an mcrease in tiie ion fluence. That is, the Type 

I resonance enhancement ofthe ~ 1600-cm-' band was found to decrease witii increasing ion 

dose and decreasing hydrogen content. They conclude that tiie a-C:H stmcture is sp^ bonded 

carbon clusters, held together by sp^ or sp^ hydrogen and sp^ carbon sites. 

In a similar study, Tamor et al?^ showed that the magnitude ofthe resonance induced 

shift ofthe G-band of a-C:H fihns was highly dependent upon the growth parameters. The 

films were grown with an rf-biased plasma deposition system whose bias voltage was varied 

from 200 to 1500-V. Although they did not explore this in much detail, we have used their 

data to calculate the change in resonance shift. For a fihn grown at a 200-V bias, the G-band 

peak shifts from 1500-cm-' with 1.92-eV excitation to 1543-cm-' with 2.71-eV excitation for 

a shift of ~ 58-cm-'/eV. For the film grown with a bias voltage of 900-V, the shift was -27-

cm'/eV (1558-cm-': 1.92-eV; 1578-cm"': 2.71-eV). Films grown with higher bias voltages 

had G-bands that peaked at ~ 1581-cm-' (all excitation wavelengths), indicating that the 

material was definitely graphite-like. The G-band width (FWHM) decreased from 200-cm-' 

(350-V) to lOO-cm' (1500-V). This is still much broader tiian the band widtii of crystalline 

graphite (~ 15-cm-') but comparable to the line width ofthe G-band of a-GAC (1050 °C). 

These results indicate that the resonance shift ofthe G-band gets smaller as one approaches 

a more graphite-like material. This would seem to be a good test to determine if a material 

was more diamond-like or more graphite-like. 

The final study we will discuss is by Kastner et al?^ who looked at resonance effects 

in nanottibes. The ttibes were produced in a steel fiillerene generator by applymg a 27-V DC 

potential between two high purity graphite rods. The process resuhed in a black powder 
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bemg produced tiiat contained approximately 70% nanoparticles, most of which were tubes. 

This means that other stmctures can contribute to tiie Raman spectt^im. Nanottibes are 

described as one or more graphitic sheets wrapped around a hollow core. The ends are 

capped with a buckyball hemisphere type stmcttire, which eliminates dangling bonds. 

Nanotubes are quite mteresting because they behave as botii a crystal and nanoparticle. The 

cylinders exhibit a unique stmcture: the curved surface has no starting or ending point. In 

the long direction of tiie tube, there are pentagonal rings which cap the ends and thus, there 

is no extended, long-range stmcture. These conditions result in a vibrational spectrum which 

closely resembles n-graphite's. Nanotubes have Raman active modes at 1574-cm' (FWHM: 

~ 20-cm"') and 1350-cm-' (FWHM: ~ 40-cm-'). The 1574-cm-' mode is slightiy (7-cm-') 

downshifted from the zone-center mode of crystalline graphite. The 1350-cm' band was 

attributed to the zone-edge activation due to the finite size of the nanotubes. Zone-

boundaries are apparently caused by the pentagonal rings forming the caps. This gives 

fiirther credence to studies that have shown five-membered ring stmctures in disordered 

graphite materials. Kastner et al.^^ used the Tuinstra and Koenig^ method to determine 

crystallite size. The result of a 20-nm crystallite size did not correlate well with the results 

of high-resolution electton microscopy which showed that the nanotubes had diameters of 

at least 30-nm and lengths of at least 80-nm (some were much higher). They attribute this 

difference to an enhancement ofthe D-band intensity due to the curvature ofthe tube through 

electron-phonon coupling. The resonance experiments gave results that show a Type II 

upshift m energy ofthe D-band at a rate of 43-cm"'/eV as the photon excitation energy was 

increased. They discussed the possibility that this was a result of probing different size 
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nanottibes that have different D-vibrational modes, depending on size. Dresselhaus et al.'' 

have done calculations that show that the band gap of a nanotube will increase as one goes 

to smaller tubes. This is similar to Robertson and O'Reilly's '̂  assessment of hexagonal 

carbon clusters (see Figure 2.16). If this were the case, the D-band would be made up of a 

summation of all tiie G-band's corresponding to different crystallite sizes. Depending upon 

tiie excitation energy, different sides ofthe D-band would be preferentially enhanced causing 

an apparent shift in the peak position ofthe overall band. This argument seems to break 

down, however, due to the fact that the peak position and resonance shift is the same, 

regardless of nanotube size. 

In summary. Type I resonance effects have been shown to occur in graphite and C-

60, but not in the first-order vibrational spectrum of diamond. Type II resonance is not 

observed for crystalline carbon phases. Previous studies have shown Type I and II resonance 

in the D-band of n-graphite and nanotubes, and the main vibrational band (our name: A-

band) of a-C type materials. The D-band of n-graphite (and nanotubes) shows a fairiy 

uniform shift regardless of its relative intensity. The relative intensity ofthe D-band was 

found to increase with respect to the G-band as excitation energies were lowered. This effect 

has been attributed to tuning away from an electtonic transition. The A-band shift can vary 

depending upon the degree of graphitization in the material. The more graphitic, i.e., the 

closer the peak position ofthe band will be to 1581-cm-' and the smaller the shift will be. 

Now that we have surveyed the most relevant work concerning resonance effects in 

carbon materials, we will now try to get a better understanding of bonding in disordered 

carbon materials through our own experiments. In an effort to fiirther explore the apparently 
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similar vibrational spectta of a-C and highly disordered graphite, we will compare and 

contt-ast a-C's and graphitic amorphous carbons. We will also look at a multiphase sample 

and CVD diamond fihns. The final analysis will explore tiie links between tiie shifts of tiie 

D- and G-bands. The resonance analysis will include studymg peak position as a ftmction 

of excitation energy. We will also compare peak positions between different samples and 

look at peak v^dth and any changes in relative intensity between bands. 

3.2 Nanocrystalline Graphite 

Although there have been a number of published papers on the resonance shift in n-

graphite, we felt that it was important to have an intemal measurement ofthe phenomena 

which could be more accurately compared to our other measurements. In addition, our 

experimental data was superior to most published work due to the high signal-to-noise 

obtained with our multi-channel system. The n-graphite sample used was discussed in 

Section 1.3. Using the Tuinstta and Koenig^ method for determining crystallite size, we 

found an average spatial extent of- 45-A (IE/IG = 0.82 at 2.41-eV). As n-graphites go, this 

is a high quahty sample with narrow, non-overlapping bands (DFWHM = 39-cm'', GF^HM = 31-

cm-'). 

The measurements were carried out at room temperature using the multi-channel 

Raman system discussed in section 1.5.1. Laser lines of 2.41-, 2.54-. and 2.71-eV were 

provided by the argon-ion laser in addhion to the 1.92-eV line ofthe krypton-ion laser and 

the 3.54-eV of a HeCd laser. The spectta, shown in Figure 3.1, show the upshift of the D-

band witii an increase in photon energy. We calculated the shift to be 46 ± 4-cm-'/eV which 
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Figure 3.1. Raman specttiim of n-graphite at four excitation energies. 
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is consistent witii tiie published work of Vidano et al? and McCreery et al? The G-band is 

not at exactiy the same energy position for all excitation energies but varies weakly around 

1581-cm-'. The 1620-cm-' shoulder does not shift eitiier. For tiie calculation of tiie shift witii 

photon energy, we found tiie difference between tiie peak positions of tiie D- and G-bands 

for each excitation. We then found the change in this difference divided by the change in 

excitation energy. In equation form this is written as 

6(V - v j 
Resonance Shift = ^ ^ (3.1) 

6>i(i) 
L 

where VQ is the peak position ofthe G-band, VQ is peak position ofthe D-band, and ÎOL is 

the energy ofthe excitation photon. In cases where there is no reference peak (G-band in this 

case), the shift is measured with respect to the peak position at the lowest excitation energy. 

In addition to the shift in peak position ofthe D-band, we see also a dramatic change 

in the relative intensities ofthe D- and G-bands. In the spectrum taken with the 1.92-eV 

excitation, the G-band has very low intensity. As the excitation energy is increased, the G-

band begins to dominate and by 2.71-eV it has three times the amplitude ofthe D-band. This 

effect has been attributed, by many authors, to a smaller resonant enhancement ofthe G-band 

as one goes to lower excitation energies. 

3.3 Graphitic Amorphous Carbon 

Our next series of resonance-Raman experiments focused on the unannealed and 

annealed graphitic amorphous carbon samples discussed in Chapter II. They are much less 

ordered than tiie n-graphite sample just discussed. These samples are a highly disordered 
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form of graphite witii eitiier no discemable crystalline sttiicttire or very small cr\ stallites (< 

25-A) mterconnected by odd-membered rings.^ A planar stmcture is assumed, but the planes 

are warped due to tiie odd-membered rings and tiiere is no known stacking order. In addition 

to the characteristic D- and G-bands of n-graphite, we saw in some ofthe samples a band 

near 1520-cm-' that we attributed to a vibrational mode caused by odd-membered ring 

stmcture. Also, the position ofthe G-band varied with crystallite size. We expect tiie D-band 

to shift v^th excitation energy, but will the G-band shift also? 

To explore these questions, we used 2.41-, 2.54-, and 2.71-eV excitations to look at 

a couple ofthe annealed-GAC samples. We will begin by looking at a sample at the higher 

end of the annealing range which has a Raman spectrum with an obvious two-hump 

stmcture. Table 3.1 shows the results, at the three different excitation energies (Figure 3.1), 

of a three Gaussian-band fit to the GAC sample annealed to 950 "C. 

Table 3.1 a-GAC: 950 °C 

Excitation Energy 

2.41-eV 

2.54-eV 

2.71-eV 

D-band [cm'] 
(FWHM) 

1357(240) 

1369(249) 

1372(189) 

A-band [cm-'] 
(FWHM) 

1511 (88) 

1516(78) 

1504(96) 

G-band [cm'] 
(FWHM) 

1594(93) 

1594(93) 

1592(98) 

The shift of the D-band is 50 ± 7-cm-'/eV, whereas the G- and A-bands show no 

systematic shift. The D-band shift is within experimental error of what we and others have 

measured for larger crystallite n-graphite and other graphitic materials.^ This shift has not 
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Figure 3.2. GAC 950 °C sample measured at three different excitation energies. 
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been sttidied in highly disordered graphite materials. We will examine a more disordered 

system to compare shift rates. 

To test tills we will look at GAC annealed to only 150 "C. The 150 °C anneal GAC 

sample shows only one asymmetric band that can be fit with two Gaussian bands (Figure 

3.2). We have discussed earher that the G-band position is below the usual 1581-cm-' 

position. This was attributed to a finite size effect brought about by very small hexagonal 

clusters coupled with a broad band in the low 1500-cm-' due to odd-membered rings. 

However, it is important to keep in mind that vibrational spectta of amorphous materials are 

not well described by finite-size effects. The resuhs of the fits for the three different 

excitation are given in Table 3.2. 

Table 3.2. a-GAC: 150'^C 

Excitation Energy 

2.41-eV 

2.54-eV 

2.71-eV 

D-Band [cm'] 
(FWHM) 

1378(316) 

1397(320) 

1406 (379) 

G-band [cm'] 
(FWHM) 

1547(172) 

1550(170) 

1560(155) 

The D-band upshifts at a rate of 93 ± 9-cm-'/eV, whereas the G-band upshifts at 43 

± 4-cm"'/eV. This is significantly different from what we saw for the more ordered materials 

discussed in this and the precedmg subsection. The shift ofthe D-band is twice the shift that 

is measured for larger crystallite n-graphite. The magnitude ofthe upshift could be skewed 

by a large contribution from tiie underiying band at - 1500-cm-'. The fact tiiat tiie G-band 

shifts is an mterestmg conttast to tiie otiier more ordered n-graphite materials. Tamor et al.'^ 
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have noted the G-band shift in a-C:H grown with varying bias voltages, but they did not 

expound upon it. Determining the cluster size where resonance effects occur is very 

difficult. We have discussed (section 2.3) tiiat the Tuinstta and Koenig ^ metiiod breaks 

down below 30-A. Robertson' has proposed tiiat the Type II resonance effect occurs in G-

bands when the crystallite size is below 12-A. He was able to approximate cluster size by 

measuring the band gap and computing tiie cluster size using Equation 2.8. This cluster size 

corresponds to the largest clusters and not the average. There was no reasoning given for 

how the average size was then determined. Smce resonance shifts are always seen in tiie D-

band but only sometimes in the G-band, what is the connection? 

Although the D-band is frequently attributed to a zone-edge vibration activated by 

an intermption of graphitic long-range order, as we have noted earlier in Section 1.3, a 

similar mode is not seen in h-BN. In this case, maybe the D-band arises from bonds which 

interconnect these crystallites. The D-band occurs at the same energy (constant excitation 

energy) for a wide range of crystallite sizes. It would seem that these bonds would form a 

stmcture which would have to be either a distorted hexagonal ring or an odd-membered ring. 

Which ever is the case, the common link seems to be very small stmctures or intemal 

surfaces. These interconnecting stmctures have measured vibrational modes that are highly 

dependent on the excitation energy. Robertson' has postulated that the band gap of graphitic 

clusters is a ftmction of the number of six-membered rings comprising the cluster. 

Demichelis et al?^ have done a series of calculations which support the supposition that 

different size hexagonal clusters have different optical properties, i.e., effective band gaps. 

They were able to successftilly model photoluminescence behavior in a-C:H based on 
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different size clusters. Smaller clusters did not participate in the luminescence until higher 

excitation energies were reached. It is not clear, however, why tiie Raman shift will vary 

because ofthe band gap and excitation energy. The dispersion curve for a single or small 

group of rings could slope very sharply and bring about resonance effect. The shift could 

saturate once the excitation energy reaches the effective, local band gap energy. 

3.4 Tettahedral Amorphous Carbon 

Our next step was to study resonance phenomena in amorphous carbon films. We 

wanted to compare the resonance phenomena in these materials to those seen in graphite-like 

materials and to explore the role hydrogen plays, if any. We obtained a-C:H samples from 

Dr. Manfred Weiler (Universitat Kaiserslautem). The film, with a band gap of 2.3-eV, was 

grown by a rf-plasma beam (92-eV) using C2H2 as the precursor gas, and the silicon substtate 

was heated to 200 °C. For comparison, we obtained an a-C film that contained no hydrogen. 

The film was grown by Simone Anders (University of California-Berkeley) using a vacuum 

arc deposition system. The 3500-A thick film was deposited on Si and has a bandgap of 2.2-

eV. The sp^ content is around 80%. Discrepancies between the two samples could give an 

indication ofthe contribution of hydrogen to the observed vibrational spectrum. Figure 3.4 

shows the Raman spectta at four different excitation energies for the a-C:H sample (Weiler 

#1). Figure 3.5 shows Raman spectta at three different excitation energies for the a-C film 

tiiat does not contam hydrogen (DLC233). Spectta were taken using both the scanning and 

multichannel systems. Tables 3.3 and 3.4 summarize tiie peak positions, line widtiis, and tiie 

relative integrated intensity, as given by the percent contribution. 
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Figure 3.4. Raman spectta at four excitation energies of a-C:H (Weiler #1). 
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Figure 3.5. Raman spectta taken at tiiree excitation energies of tiie a-C: no H fihn. 
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Table 3.3.. a-C:H [Weiler #1] 

Excitation Energy 

1.92-eV 

2.41-eV 

2.54-eV 

2.71-eV 

A-Band [cm'] (FWHM) 
[% contribution] 

1490(238) 
[97] 

1543(208) 
[78] 

1553(204) 
[70] 

1568(214) 
[72] 

Table 3.4. a-C: no H [DLC233] 

Excitation Energy 

2.41-eV 

2.54-eV 

2.71-eV 

A-Band [cm'] (FWHM) 
[% contribution] 

1541 (266) 
[84] 

1556(235) 
[87] 

1574(227) 
[81] 

The spectta were fit with two Gaussian bands using PeakFit software. The D'-band 

(near 1380-cm-') has been attributed by Yoshikawa et a/.'^'^ to arise from small size 

hexagonal clusters and is much smaller than the A-band. It appears to behave much 

differentiy from the D-band of n-graphite. The A-band has been atttibuted by Yoshikawa 

et al}''^^ to arise from larger hexagonal clusters. The difference in relative uitensity between 

the D- and G-bands of n-graphite and the D'- and A-bands of a-C indicate that their origms 

stem from different stmcttires. The A-band upshifts at 98 ± lO-cm'/eV for the a-C:H film 
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and 110 ± 1 l-cm'/eV for tiie a-C: no H fihn. This is approximately twice tiie shift rate we 

see for tiie D-band of n-graphite and tiie G-band of a-GAC (150°C). Recall tiiat tiie G-band 

of graphitic materials does not shift until very small crystallite sizes are reached. 

The Weiler sample that contams hydrogen displays a slightiy narrower Raman band 

tiian the Anders fihn without hydrogen. Hydrogen has been well documented to passivate 

dangling bonds in many semiconductors including carbon materials.^^ However, the 

difference between the two materials is not very large and is most likely due to slightly 

different degrees of bonding order. The band gaps were close indicating that the cluster sizes 

are nearly identical in the two samples. Usmg the Robertson model,' the 2.2-eV (no H) 

sample had an average crystallite size of 6-A (7.4 hexagonal ring cluster) while the 2.3-eV 

(with H) sample had an average crystallite size 7-A (6.8 hexagonal ring cluster). 

Wagner et al.^^^ have postulated that a multiphased carbon stmcture was responsible 

for the strange behavior of the Raman spectta when the excitation energy was changed. 

What they lacked, however, was a material that clearly showed this multi-phase stmcture. 

We obtained another a-C:H material from Weiler. The material was grown by an rf-plasma 

beam (92-eV) using C2H2 as the precursor gas and the Si substtate was heated to 850 "C. 

The sample was then hydrogenated. The resulting material has a band gap of 2.3-eV and was 

measured using x-ray diffraction (Weiler) to have a diamond stmcture. Shown in Figure 3.6 

is the Raman spectra taken with 2.41-eV excitation. The spectrum shows a superposition of 

n-graphite and a-C. Deconvolutions were tried with as few Gaussian bands as possible, but 

six bands in the 1100 - 1700-cm-' range were needed to accurately fit tiie data. The results 

of the fit are displayed in Table 3.5. The primary bands are the D and G 
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Figure 3.6. Raman spectta taken at four excitation energies of a-C:H (Weiler #5). 
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from n-graphite and the A from the a-carbon. The secondary bands are weaker and are 

difficult to resolve. 

We find tiiat both the D- and A-bands upshift with an increase in photon energy. 

The D-band upshifts at a rate of 48 ± 5-cm-'/eV; tiie A-band upshifts at 51 ± 5-cm"'/eV. 

Bands 1 and 2 do not shift at all. The band at - 1150-cm-' has been attributed to a vibrational 

mode of nanocrystalline diamond '^ analogous to the D-band of n-graphite. The G-band is 

difficult to decipher. The 1.92-eV spectmm (taken with the scanning system) was only fit 

witii one Gaussian band in the 1600-cm"' region. The other tiiree excitation energy spectta 

requfred two Gaussians in tiiis region to achieve an adequate fit. This makes it difficult to 

accurately compute tiie band shift. Due to the narrowness ofthe combined G-bands, we do 

not think that the band shifts (large crystal n-graphite). 

Table 3.5. a-C:H [Weiler #5]. All values are in cm"' (FWHM) 

Excitation 
Energy 

1.92-eV 

2.41-eV 

2.54-eV 

2.71-eV 

Band#l 

1151. 
(51) 

1149 
(73) 

1153 
(48) 

Band #2 
D'-band 

1322 
(256) 

1323 
(228) 

1320 
(299) 

Band #3 
D-band 

1319 
(103) 

1346 
(96) 

1349 
(82) 

1357 
(91) 

Band #4 
A-band 

1507 
(154) 

1530 
(177) 

1537 
(186) 

1547 
(177) 

Band #5 
G-band 

1592 
(58) 

1570 
(50) 

1575 
(51) 

1591 
(59) 

Band #6 

1606 
(46) 

1607 
(43) 

1612 
(38) 

Using the Tuinstta and Koenig^ method we get a n-graphite crystallite size of- 30-A. 

This size is beyond Robertson's range for which Type II resonance is expected in the G-band. 
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The A-band is a little lower in energy and not quite as broad as the G'-bands of a-C:H and 

a-C. The A-band widtii is also approximately two-tiiirds tiiat of tiie A-band widtii of tiie a-

C's. The D-band is much more mtense in Weiler #5 tiian it is in tiie a-C's because tiie G and 

D-bands come from n-graphite, not a-C of any form.. 

In addition, close-up peak fits have shown tiiat tiiere may be some hmt in tiie 2.71 -eV 

specttiim of a tmy diamond peak at 1332-cm-'. Since tiie x-ray data does show diamond, tiiis 

is possible, but the non-diamond components overshadow it. Excitation usmg the 3.81-eV 

line from a HeCd laser did give a Raman spectrum with a peak at ~ 1332-cm-'. There was 

anotiier sharp band seen m tiie 1300-cm-' range which could not be assigned. There was no 

hint of the D- and G-bands of the n-graphite or any other amorphous carbon. Work by 

Wagner et al.^'^^ has demonsttated that this can and does happen. The diamond component 

can be significantiy enhanced over the non-diamond components with high excitation 

energies (>3.0-eV). However, we recall that Calleja et al? showed that the main vibrational 

mode of diamond was not resonantly enhanced with an increase in excitation energy. Also, 

Sinha and Menendez showed that the graphitic cross-section increase with increasing 

excitation energy. This indicates that either the non-diamond components are diminished 

at larger excitation energies or that different scattering processes could be at work in 

polycrystalline diamonds. 

3.5 Svnthetic Polycrvstalline Diamond 

Chemical Vapor Deposited (CVD) diamond films are always polycrystalline and 

usually contain some amoimt of non-diamond stmcture. Raman has been used to gauge the 
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ciystalline nattire of the samples. The linewidth of tiie diamond mode along witii the 

presence of otiier vibrational modes have been used to determine crystallite size and graphitic 

content. Many tunes these CVD films will have a band centered at ~ 1530-cm-' which has 

been attributed to graphitic inclusions. This mode is never seen in single crystal diamond. 

It is usually assumed to be graphitic in origin despite the fact that the disordered graphitic 

G-mode is usually in the 1590-cm-' range. In n-graphite, if tiiere is a broad G-band, tiiere 

will be a broad D-band also witii a similar intensity. These two clues should tell us tiiat tius 

mode is not simply Imked to n-graphite. It appears to be sunilar to tiie vibrational mode (A-

band) seen in a-C films, but is significantiy narrower in cases such as tiiis. Some 

polycrystalline diamond fihns can contain higher levels of disorder which will have a Raman 

signature very similar to GAC. 

The first fihn we will look at was a commercially grown CVD diamond from GEC-

Marconi. The free-standmg round sample was 1-cm m diameter and 0.3-nim tiiick. On one 

side ofthe diamond, an optical microscope revealed very small diamond crystallites (< 1-

^im). The other side appeared to have a thin black coating. Spectta were taken at 2.41-, 

2.54-, and 2.71-eV of tiie good diamond side (Figure 3.7). The peak positions are shown in 

Table 3.6. 

Table 3.6. GEC-Marconi Diamond Disc. 

Excitation Energy Diamond (cm') 
(FWHM) 

2.41-eV 

2.54-eV 

2.71-eV 

1335(12) 

1335(16) 

1332(16) 

D'-band (cm') 
(FWHM) 

1332(78) 

1338(118) 

1333 (84) 

A-band (cm') 
(FWHM) 

1520(144) 

1524(164) 

1532(126) 
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Figure 3.7. Raman spectra at tiiree different excitation energies of tiie good side ofthe GEC-
Marconi CVD diamond film. 
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The slight shift in the position of tiie diamond peak is due to a calibration offset. The 

diamond peak should appear at 1332 ± 1-cm"' regardless of excitation energy and will tiie 

diamond peak position. For2.41-eV the separation is 185-cm-'; for2.54-eV: 189-cm"';for 

2.71-eV: 200-cm"'. This implies a shift of tiie A-band of 50 ± 7-cm"'/eV. This is witiiin 

experimental error ofthe shift ofthe A-band of Weiler #5 and tiie main band of GAC, but 

less than the A-band of a-C:H and a-C: no H. The D'-band is directiy under tiie diamond 

peak and does not shift in energy, with excitation wavelength This is much different from 

the behavior ofthe D-band of n-Graphite. Also, the D'-band is very weak (Observable m this 

spectrum through deconvolution, confirmed m other diamond films with more pronounced 

D'-bands^^ compared to the A-band which fiirther indicates dissunilarity between the origin 

of this mode and the modes seen in GAC. There is no question that some diamond films 

contam graphitic inclusions, but it appears that this D'-band is related to a slightly disordered 

diamond stmcture. Yoshikawa et al?^ have shown that a reduction in crystalline quality can 

lead to a broadening ofthe 1332-cm-' diamond peak and a reduction in relative intensity 

compared to the A-band. Our D'-band is much broader than theirs and is consistent with 

bond length and angle disorder, while still maintaining a diamond lattice. 

The other film we will discuss was produced by Hot Filament CVD [HF] at the 

University of Arkansas. Raman spectra were taken at five different laser energies (1.92-, 

2.41-, 2.54-, 2.71-, and 3.81-eV), and are shown in Figure 3.8. We see an upshift in the 

vibrational energy ofthe A-band at a rate of 56 ± 8-cm-', which is within experimental error 

ofthe 50 ± 7-cm"' seen for tiie GEC diamond. At 1.92-eV, we only see a photoluminescence 
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Figure 3.8. Raman spectta of HF CVD film at five different excitation energies. 

149 



band with no diamond peak evident. This is a common problem witii diamond films witii 

high levels of disorder. The photoluminescence overwhelms Raman signal. In some case, 

like tills, tiie 1332-cm-' peak of diamond can also be overwhelmed by the PL. This PL band 

(1.8-eV) is discussed in Chapter IV. The peak positions are shown in Table 3.7. 

Table 3.7. Hot Filament CVD Film (U. of Arkansas) 

Excitation Energy 

1.92-eV 

2.41-eV 

2.54-eV 

2.71-eV 

3.81-eV 

Diamond 

— 

1331 
(11) 

1336 
(13) 

1335 
(11) 

1340 
(17) 

A-band 

— 

1513 
(150) 

1526 
(138) 

1527 
(162) 

1594 
(139) 

Difference (A - D) 

— 

182 

190 

192 

254 

The relative intensity of the diamond band compared to the A-band is lower in this 

sample than in the GEC diamond. Others have used this as a qualitative gauge of diamond 

to graphite content. This would also mdicate that the relative size ofthe diamond particles, 

would be smaller. Significant amounts of graphitic stmcture resuh in the diamond spectrum 

being overwhelmed. Since we don't see a large D-band in tiie spectta of Figs. 3.7 and 3.8, 

we don't tiiink tiiat there are large volume fractions of graphite (i.e., n-graphite witii L̂  > 20) 

embedded in the diamond lattice. 
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3.6 Conclusions 

The process of Type I and II resonance Raman scattering in disordered carbon 

materials has not yet been fiilly explained, but it can be used to gain sttiictural information. 

In some cases, disordered and amorphous carbon materials have been difficult to characterize 

using Raman spectroscopy due to broad bands, band overlaps of different phases, and 

ambiguous band assignments. The amorphous phases of carbon have Raman signatures 

which are not easily derivable from the parent crystalline or nano-crystalline spectmm. sp^ 

bonded carbons such as GAC, partially sp^ bonded materials such as a-C, and polycrystalline 

diamond films can have very similar Raman signatures in the 1350 - 1600-cm-' region. This 

lead us to explore what similar stmctures these materials might have and how resonance 

Raman can be used to determine the stmctural phase. 

As a review, amorphous carbon is thought to arise from small clusters of hexagonal 

carbon rings interconnected by sp^ bonds. N-graphite is comprised of regions of 

microcrystalline graphite interconnected by disordered carbon bonding. GAC has much less 

stmctural ordering than n-graphite and is considered to be a continuous random network 

containing small sp^ clusters, interconnected by five- and seven-membered rings. 

Polycrystalline diamond is comprised of microcrystalline regions connected by a disordered 

material. 

All of these materials have a common tendency to exhibit both Type I and Type II 

resonance Raman phenomena. Many of tiie previous explanations ofthe shift in a-C have 

centered on having a range of cluster sizes which have a range of localized band-gaps. 

Depending upon the excitation energy, a different subset of clusters will be preferentially 
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excited, and therefore will dominate the observed Raman spectiaim. Using Robertson's 

model,'^ smaller crystallites will have larger band gaps and will be resonantly enhanced once 

higher excitation energies are reached. This explams some of tiie PL behavior, but it is 

difficult to extend this argument to the rigid shift observed in n-graphite and the otiier 

materials. The bands maintain fairly consistent line widths, regardless of the excitation 

energy. This mdicates tiiat the observed shifts are not due to an enhancement of tiie higher 

energy side of a band when tiie excitation energy is increased. From our analysis of GAC we 

have seen tiiat vibrational modes can be affected by finite-size effects. Going to higher 

excitation energies could start probmg the smaller crystallites more efficiently but the larger 

clusters should still be probed. We would expect a broadening of the band, but not 

necessarily a shift. 

Figure 3.9 summarizes the D-band peak positions as a ftmction of excitation energy 

for the materials studied here. The D-band of n-graphite always shifts regardless of cluster 

or crystallite size. The magnitude ofthe shifts are all in the 50-cm-'/eV range for the n-

graphites, but the highly disordered a-GAC shows a slightly larger shift. We have seen 

earlier that the G-band will only shift in disordered graphites with cluster sizes below ~ 15-A. 

Figure 3.10 shows the shift ofthe A-band as a ftmction of excitation energy for six 

ofthe materials sttidied. The shift rates of tiie GEC film, HF film, Weiler#5, and a-GAC 

(150 *C) are similar to each other and to the D-band ofthe n-graphites. The amorphous 

carbons (a-C and a-C:H) have larger A-band shifts. The A-band peak positions ofthe a-

carbons and a-GAC are higher at the same excitation energy than the other materials, 

especially tiie diamonds. For a-C:H, Tamor °̂ has shown that as the main band approaches 
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1580-cm-, the resonance shift will be smaller and will indicate tiiat tiie material is primarily 

sp2 bonded. The A-band peak energy ofthe polycrystalline diamonds would indicate tiiat 

its interconnect structure is a-C (i.e., closer to all sp^ bonding), but the smaller shift rate 

indicates that its similar to GAC. The A-band widtii ofthe a-carbons is about 50% higher 

tiian tiiat of tiie diamonds and Weiler #5. This mdicates tiiat Ime widtii is a better correlation 

to shift rate tiian is peak position. The broader tiie band, the larger tiie shift rate will be. The 

disordered graphites show evidence of this also. 

The evidence here will now be used to speculate that the origin of the A-band 

disordered diamond is a vibrational mode due to five-membered ring structure 

interconnecting microcrystalline regions of diamond. This definitely does not preclude the 

possibility that some disordered diamonds do contain a significant volume fraction of 

graphitic material, but we would like to explore what the minimal disorder structure could 

be. The first possibility is the A-band is a zone-edge mode, analogous to the D-band of n-

graphite, brought about by an interruption in long-range order. A zone-edge mode is only 

possible in crystal and nanocrystalline materials (i.e., possible in polycrystalline diamond, 

not possible m a-C). The A-band shifts at a rate sunilar to the D-band of n-graphite, but has 

an energy well above that of crystalline diamond. This assignment has usually been 

dismissed based on theories that show that diamond cannot have a first-order vibrational 

mode above 1332-cm-'. A Raman mode seen near 1150-cm' has been attributed to a finite-

size effect. The vibrational energy of the A-band is very near that of isolated five-

membered rings as calculated by Doyle and Dennison.^* It is a little higher in energy than 

the 1470-cm' band seen in C-60 for the pentagonal ring breathing mode. The pentagonal 
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surrounded by hexagonal rings, whereas pentagonal rings in diamond would be embedded 

m a primarily sp^ lattice. The bond angles of pentagonal rings (C-60: 101.9°) and diamond 

(109.5°) are sunilar ^̂  which would also make this scenario more likely. Bond lengths in C-

60 are 1.40-A and 1.45-A,̂ ° which is smaller than the 1.54-A lengtii in diamond, but are 

comparable to the in-plane bond length of graphite (1.42-A). The difference in energy 

between the 1470-cm' mode of C-60 and the A-band could also be due to a different 

vibrational symmetry. A five-membered ring would allow a vibrational mode above the 

1332-cm' energy of diamond since it would not be a diamond bond anymore. 
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CHAPTER IV 

PL STUDIES OF CVD GROWN DIAMOND FILMS 

4.1 Introduction 

The preceding two chapters have demonstrated the usefiilness of Raman spectroscopy 

for determining bonding structure in disordered carbon materials. Raman, however, is not 

sensitive to low concentration pomt defects and minority structures. A material can show 

a crystalline Raman spectrum but still contam enough defects to prohibit its effective use in 

an electronic or optical device. To determine the presence and nature of these defects, we 

will use a more sensitive probe. Photoluminescence spectroscopy is very sensitive to low 

level defects and has been used to study synthetic, polycrystalline diamond films. 

The diamond films studied here have been grown by a relatively new technique called 

chemical vapor deposition (CVD). Given the correct growth conditions, carbon atoms are 

deposited layer by layer in a diamond structure on a substrate. The films are grown at nearly 

ambient pressures and temperatures on the order of 1300 K.' These are much lower 

temperatures and pressures than are needed to produce diamond in the conventional fashion. 

The ability to make flat diamonds (and many other shapes) has opened up the door for many 

new applications. These range from hard coatings for tool bits and space shuttle tiles to 

diamond windows for optical system to optoelectronic devices such as flat-panel displays. 

Improvements in the various CVD techniques have greatiy reduced tiie variety (and 

enhanced control) ofthe concentrations of defects and made many of these applications a 

reality. Despite the best efforts of crystal growers, some defects have persisted and fiirtiier 

159 



refinements are needed. In some cases, dopmg by impurities is desired for certain 

applications. However, before such metiiods can be adequately exploited, identification and 

assignment of defect related PL signatures must be accomplished. 

When CVD diamond is excited by visible light, a broadband PL as well as sharp PL 

bands from various defects and impurities are generally observed. Sharp bands at 1.945-eV 

and 2.155-eV (nitrogen related) have been studied extensively m natural diamonds by Clark 

et al? and Davies et al? The origm of 1.681 -eV luminescence was found to be related to the 

optical center containing one or two silicon atoms and nitrogen.̂ "^ However, a new series 

of luminescence bands observed around 1.7-eV in hot filament grown diamond^'^ have never 

been seen in natural diamond. Furthermore, a strong broadband luminescence is observed 

in CVD polycrystalline diamond. This emission spans the red wavelength range when the 

PL is excited with sub-band gap light and is not yet well understood. Although continuous 

wave (excitation) photoluminescence (CWPL) is one ofthe preferred methods for studying 

defect emission in CVD diamonds,^'° time resolved photoluminescence (TRPL) lifetime 

studies have not been extensively applied to understanding the nature of the defect 

properties. 

In order to improve our understandmg ofthe origin ofthe most commonly observed 

defect related emissions in CVD diamond, we have studied tiie CWPL and TRPL of two free 

standing, polycrystalline films. The primary goal of this study is to help explam the origin 

of the broad background PL and add information about a series of sharp, previously 

unidentified features seen in tiie PL spectta. We will first discuss the experimental details 

ofthe measurements and tiie Raman and IR spectta ofthe samples. In the next section, we 
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discuss tiie CWPL specrta and explam tiie results of tiie TRPL measurements. In Section 4.4 

we explore, in more detail, the origin ofthe series of sharp specttal features observed near 

1.7-eV in the specttiim from the Arc-jet sample. We will then discuss the nature of tiie 

broadband background seen in both samples in Section 4.5. 

4.2. Experimental Methods and Raman and IR Resuhs 

The diamond fihns studied were provided by Dr. Curtis Johnson (Naval Air-Warfare 

Lab, China Lake, CA). Both films were deposited on molybdenum subsfrates by arc-jet 

("AJ," from Norton Diamond Fihn, Northboro, MA) and microwave ("MW," from Raytheon 

Company, Lexington, MA) CVD methods. Besides this, we have no other details on the 

growth parameters. The free standing, unpolished samples used in the study were ~ 1-cm^ 

in area with thicknesses of 0.225 and 0.625-nim for the AJ and MW, respectively. Both had 

large crystal facets (~ 50-|im). The AJ sample was more ttansparent than the MW sample. 

The CWPL and TRPL experiments were carried out in the helium refiigeration 

system described m Section 1.5.2, with the temperature varied between 20 and 300 K. CWPL 

was excited using the 2.41-eV line ofthe argon-ion laser with a spot size of- l-mm on the 

sample (which is substantially larger than the micro-Raman discussed later). A 2.27-eV long 

pass filter was used to lunh tiie mtensity of scattered laser light entering the specttometer. 

All spectta were corrected for the system mtensity response. The TRPL measurements were 

done and analyzed m tiie metiiod described in Section 1.5.2. System temporal resolution is 

approximately 100-ps. 
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Multi-channel micro-Raman characterization, as described in Section 1.5.1, was 

carried out to determine the crystalline quality ofthe diamonds and to look for evidence of 

disorder bonding. The excitation spot (~ 5-^m) was focused on tiie center of a crystal facet. 

Figure 4.1 shows spectta from each sample. Clearly observed is tiie characteristic 1332-cm' 

optical phonon of diamond and a much weaker band centered near 1550-cm'. The AJ 

sample was a slightly higher m quality witii a FWHM of 4-cm-' while tiie MW had a FWHM 

of 5-cm-'. This indicates that botii samples are high quality, but short of natural or high-

pressure diamond quality. The MW sample shows higher levels of disordered carbon phases 

as evidenced by the larger disorder band near 1550-cm'. Focusing the laser excitation on 

boundaries between crystals slightiy enhanced the disorder related band. This indicates that 

many ofthe structural defects reside in the grain boundaries. 

IR absorption spectroscopy is a commonly used technique to assess the degree of 

hydrogen content and disorder activated absorption in synthetic diamond films. Figure 4.2 

shows the infrared absorption spectra of both diamond films in the 800 - 3 lOO-cm"' range. 

These spectra have been corrected for background caused by difluse scattering from the 

unpolished surfaces. Most CVD diamond films contain hydrogen, which leads to an 

absorption band around 3000-cm' corresponding to C-H sttetchmg vibrations. The hydrogen 

content is determined using the oscillator sttength values for C-H sttetching vibrations in 

related hydrogenated amorphous carbon." For the AJ and MW samples, the hydrogen 

content is 0.17% and 0.08%, respectively. 

In addition to the intrinsic two-phonon absorption band in the 1400 to 2700-cm' 

range, defect mduced absorption around 1 lOO-cm' is present in both samples. The uifrared 
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absorption spectrum is sttonger in tiie one-phonon range for tiie AJ tiian for the MW sample. 

This mdicates tiiat tiie sttengtii of tiiis absorption band does not correlate with the increased 

mtensity ofthe disorder related Raman band and shows that the infrared absorption in this 

range is not simply related to disordered structure present in the films. In studies of 

polycrystalline diamond prepared under various conditions by Wild et al.?^ no correlation 

has been found between the intensity ofthe llOO-cm"' absorption and the C-H sttetch 

intensity. However, a Imear correlation was found by Kaiser et al.^' between the total 1100-

cm' absorption and the total measured nittogen content in type la diamonds. In the case of 

the MW sample, a high nittogen concentration may be responsible for defect activated 

absorption. Incorporation of metal impurities, e.g., nickel, was found to activate the one-

phonon absorption band in high-pressure synthetic diamond.'̂ '"* In the AJ sample, tungsten 

incorporation during growth may be the main reason for a sttonger one-phonon band, since 

the nitrogen concentration is relatively low in this sample. The importance of tungsten 

incorporation during growth will be addressed in the discussion ofthe PL spectta. 

4.3 CWPL and TRPL 

In this section, we will discuss the general results of the photoluminescence 

measurements. In the subsequent sections, we will look at, m more detail, tiie series of sharp 

luminescence peaks seen m tiie Arc-Jet sample and the broad band lummescence seen m botii 

samples. Figure 4.3 shows CWPL spectra of tiie AJ CVD diamond fihn (20 K and 293 K) 

when excited at 2.41-eV and spanning the 1.38 to 2.20-eV emission energy range. Several 

sharp peaks are seen. The peak at 1.681 -eV has been previously assigned to Si unpurities 
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Figure 4.3. CWPL spectta of tiie AJ CVD diamond taken at 20 and 300 K. The dashed 
curve, centered at 1.8-eV, corresponds to tiie broadband PL discussed in tiie text. 
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The line at 2.155-eV has been attributed to a nitrogen-vacancy center containing a single 

substitutional N atom and two vacancies (V-N-V).'^ A weak phonon sideband sttaicttire is 

also observed centered near 2.08-eV. A number ofsharp peaks are also seen at 1.688,1.712, 

1.723,1.735,1.741,1.750,1.754,1.759, and 1.772-eV and will be discussed in Section 4.4. 

The broad background shown in Figure 4.3 will be discussed in Section 4.5. 

Figure 4.4 shows tiie CWPL spectta of tiie MW sample at 20 and 300 K. Both were 

excited by 2.41-eV laser light. The 20 K spectrum shows sharp peaks at 1.681-eV (Si), 

1.880-eV (N-V phonon side band), 1.945-eV (N-V), and 2.155-eV (V-N-V). These feattu-es 

are also superimposed on a broad background. The sharp peaks are almost entirely quenched 

at 300 K. 

In order to get more information out of the CWPL spectra, we will now turn to 

TRPL. Figure 4.5 shows a typical measured and fitted PL decay ofthe MW sample at 20 

K. This measurement was done at an emission energy of 2.07-eV and will be discussed in 

the next section. Also shown is the measured instrument response. Results ofthe lifetime 

distributions are shown in the inset. Weighted residuals are small and random, indicating 

that the fit is excellent The PL decay consists of a dominant 24.9 ± 2.0-ns lifetime with an 

80% intensity contribution. The other components with lifetimes of 0.8 ± 0.1-ns and 3.1 ± 

0.2-ns have mtensity contributions of 12% and 3.0%, respectively. Also, a 5% contribution 

at 0.1-ns may be from fast recombination processes which cannot be detected accurately 

because of tiie tune resolution lunits ofthe apparatus. Lifetune measurements at specifically 

chosen emission photon energies are compiled for the MW samples in Table 4.1 and will 

be discussed throughout this chapter. 

167 



C3 

Microwave 
Silicon 

20 K 

V-N-V 

1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 

Energy [eV] 
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Time [nanoseconds] 
Figure 4.5. Intensity (at 2.07-eV) versus time showing the TRPL decay for the MW diamond 
film at 20 K. Solid circles are the instrument response, triangles are the raw data, and the 
solid curve represents the fit. The inset shows lifetime distribution results ofthe fit (Section 
3), which exhibits three lifetimes above 100-ps. The residuals (below) demonstrate the fit to 
be excellent. 
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Table 4.1. Mean Ufetimes, determined using time-resolved PL, ofthe constituent decay 
processes seen in the Microwave CVD fihn at various energies. The emission energies 
correspond to sharp peaks seen m the CW PL spectra. 

Emission Energy eV, (nm) Mean Lifetime [ns] (percentage contribution) 

2.15,(575) 0.90(5.2%) 
25.6 (94%) 

2.07, (600) 0.84 (12.5%) 
3.12(3%) 

24.9 (80%) 

1.95,(637) 0.70(3%) 
14.9 (92%) 

1.88,(659) 0.82(6%) 
4.1 (4%) 

15.0(88%) 

1.77,(700) 0.79(5.5%) 
13.0(91%) 

1.68,(738) 1.61(67%) 
10.1 (33%) 

1.55,(800) 0.16(8%) 
0.81 (17%) 
11.4(75%) 

Figure 4.6 shows the TRPL decay curves for tiie MW sample at 20 K, taken at tiiree 

energies corresponding to sharp emission lines: 1.681-eV, 1.945-eV, and 2.155-eV. The 

correspondmg lifetune distiibutions curves are shown m Figure 4.7, witii mean lifetimes and 

percentage conttibutions of tiie components summarized m Table 4.1. The 1.681-eV feattire 

is agam related to tiie presence of silicon and has a measured lifetime of 1.6 ± 0.1 - ns. This 

compares well witii the reported 1.3-ns lifetune measurement in polycrystalline diamond 

films.' The otiier lifetime component (10.1-ns), reported in Table 4.1, stems from tiie 

broadband emission. 
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TRPL studies were used to gain a better understanding of the background PL, the 

origin of which is still conttoversial. The shape of this broadband PL resembles the one in 

Type la and lb diamond which contains nittogen.̂ -̂  Its origin is the electton-lattice coupling 

of nitrogen related centers with zero-phonon lines at 2.155-eV and 1.945-eV. Recently 

Bergman et al?^ excluded the possibility ofthe broadband PL originating from any vibronic 

interaction in nitrogen doped and undoped polycrystalline diamond and attributed it to the 

presence of an in-gap state distribution from an sp^ disordered phase. We believe that the 

contribution from both processes are possible in polycrystalline CVD diamond and their 

relative contribution will depend on the concenttations of nittogen and disordered sp^ carbon 

m the sample. The best method to verify this is from the TRPL studies, since the lifetimes, 

corresponding to these processes, are quite different from each other. We have performed 

TRPL studies at the sharp peaks, as well as at several energies on the broadband emission 

for both the AJ and MW samples. 

The Ime at 2.155-eV (and correspondmg phonon sidebands) m Figure 4.4 is the same 

as that which is observed in the AJ specttiim in Figure 4.3, except tiiat it is more intense. 

This unplies a higher nittogen concenttation m tiie MW diamond. We also observe a slightiy 

larger (1-meV) Imewidtii for tiie 2.155-eV feattire m tiie MW sample tiian m tiie AJ sample. 

This corroborates tiie observation of a disordered induced Raman band (Fig. 4.1) in tiie MW 

film. This effect has been previously related to sttess witiiin tiie CVD fihn.>^''« The lifetime 

measurement at 2.155-eV in the MW sample is included in Table 4.1. The principal 

component has a lifetime of 25.6-ns. The otiier component (0.9-ns) stems from tiie 
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underiying broadband emission. Our value of 25.6-ns is similar to that which has been 

measured for the V-N-V center (2.15-eV) in natural diamond.'^-^' 

The zero-phonon line at 1.945-eV and phonon sidebands at lower energies (centered 

at 1.880-eV) observed in the MW diamond have been attributed to substitutional nitrogen-

vacancy complex (N-V) centers by Clark et al? and have been observed in microwave CVD 

deposited films when doped with nitrogen'̂ '̂ ^ as well as combustion (oxygen-acetylene) 

process deposited diamond.'^ In the latter, nitrogen can be atmospheric in origin. It is 

interesting that in high-pressure grown synthetic and natural diamond, the centers causing 

the 2.156-eV and 1.945-eV emissions are formed by annealing the samples at 900°C 

subsequent to either neutron or electron irradiation.̂ '̂ ^ In CVD diamonds, it appears that 

vacancies are formed naturally during the growth process without any post-growth 

uradiation. The unintentional (or intentional) doping ofthe sample with small concenttations 

of nittogen produces V-N-V centers (2.156-eV), whereas at high nittogen concenttations the 

N-V center (1.945-eV) is created. The dominant lifetime component ofthe 1.945-eV 

emission is 14.9 ± 1.0-ns. This is the first reported lifetime for the N-V center in 

polycrystallme diamond. This lifetime is similar to the one reported by Collms et al. for this 

center m Type lb diamond.'^ The measured Hfetimes ofthe 2.155-eV and 1.945-eV centers 

are very similar to those in natural and synthetic diamond. Collins et al. '̂  measured the 

lifetime of the 1.945-eV center in natural and synthetic diamond in the 77 - 700 K 

temperattire range. They obtained a 13.0 ± 0.5-ns lifetime for tiiis center in type lb diamond 

and a value 10 % lower for syntiietic diamond. The lifetime was constant over tiie 77 - 700 

K temperature range. They explamed the 10 % shortened lifetime for synthetic diamond as 
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due to competitive non-radiative recombination in tiiese relatively impure crystals. Since we 

obtained slightly longer lifetmies for tiie 1.945-eV center in tiie MW sample, we believe tiiat 

tiie carriers m the excited state mostly recombine radiatively, mdependent ofthe quality of 

tiie material and temperattire. The otiier measured component, 0.7 ± 0.1-ns, is tiie broadband 

luminescence. 

4.4 Sharp PL Features Near 1.7-eV 

The origm ofthe series ofsharp features observed in Figure 4.3 (AJ), but not seen in 

Figure 4.4 (MW) will now be discussed in more detail. A spectrum ofthe 1.60 to 1.80-eV 

range is shovm in Fig. 4.8. This spectrum was taken from an AJ CVD film which did not 

show eitiier the 1.681-eV (silicon), the 2.155-eV (V-N-V), or tiie 1.772-eV (unidentified) 

peaks. The lines seen in Figure 4.8 are measured at energies of 1.688, 1.712, 1.723, 1.735, 

1.741, 1.750, and 1.754-eV and have been previously reported in high-quality, hot-filament 

CVD diamonds when grown on silicon substrates using a tungsten carbide filament. The 

offset of 3-meV between our peak energies and those measured by Perry^ are attributed to 

calibration. These lines may also be present in hot filament CVD films (W filament and 

nickel substtate) where a very low background is obtamed.'^ Since tiie fihns were grown on 

a molybdenum substrate, we conclude that substrate impurities are not responsible for the 

presence of these sharp lines. We suggest, ratiier, that tiiey are related to W impurities 

mcorporated mto tiie CVD fihn due to filament erosion during deposition. Furthermore, tiie 

MW sample, grown on a Mo substrate, is deposited with no mvolvement of tungsten and 

does not exhibit the peaks we discuss. 
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The sttongest line at 1.735-eV has a weaker neighbor 6-meV higher in energy. The 

peak at 1.750-eV has two weaker neighbors, one upshifted 4-meV and the second upshifted 

by 9-meV. This suggests a doublet and triplet stmcttire to the spectt^im exhibitmg small 

splittings within the related stt^cttires and tiie mam bands separated by 15-meV. The 

mterpretation of two primary parent bands is supported by the following observations. The 

other bands stem from two series of bands downshifted incrementally from the parents. For 

the 1.735-eV band, the sidebands are downshifted 24,47, and 72-meV, i.e., a sequence with 

spacing of = 24-meV. There is evidence of three more bands in this series, but they are 

exttemely weak. For the 1.750-eV main band, the sidebands mmgle with tiie previous series 

and are weaker, making it more difficult to extract peak positions. However, there is clear 

evidence ofthe fu-st sideband downshifted by 27-meV and possibly a second feature 51 -meV 

below the parent band. Both series show similar repeat units, suggesting that they arise from 

vibrational replicas of the emission process. The same pattem is evident in the spectrum 

reported in Perry,^ although they did not discuss it. 

The average energy ofthe participating vibrations is 25-meV = 200-cm'', which is 

well below the lowest phonon energy ofthe host lattice which possesses a high density of 

states (TA(L) at 563-cm').^'* This suggests that a band-resonant mode, in which the heavy 

W atom vibrates witiim tiie host lattice, is involved m the PL process, creating sidebands. A 

crude calculation supports tiiis mterpretation. The instiomient corrected Imewidtii of tiie mam 

parent band at 1.735-eV is approximately 2.5-meV. Successive sidebands (corresponding 

to overtones in vibrational replicas) increase in width implying that the vibration 

participatmg has a Imewidtii of 5-meV. Sidebands to defect PL processes in diamond have 
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been previously discussed by Stemschulte,^ specifically for tiie 1.681-eV center related to 

silicon. They note that a common sideband energy for several defect related PL processes 

is observed at 42-meV, for which the diamond phonon density of states is not large. This line 

is significantly broader (~ 25-meV) tiian what we observe (5-meV for tiie vibration). We do 

not observe any sttong feature at 42-meV energy shift, altiiough it is conceivable that it is 

buried beneath the sharp Imes. The fact that we do not see phonon sidebands from the host 

lattice may indicate that coupling ofthe defect levels to the diamond is weak, which is also 

consistent with the narrower vibrational sidebands measured. 

High concenttations of nickel have been shown to cause a series of bands in 

diamond.̂ ^ This series was well described by mass related shifts from the stable isotopes of 

nickel. Tungsten has five stable isotopes, but the splittings are approximately a factor of 

forty larger than those reported for Ni in diamond (for the same mass differences and much 

smaller Am/m, implying tighter nesting ofthe isotope-shifted levels for W than for Ni), and 

the intensities do not follow the natural abundances of tungsten. '^ 

In Figure 4.3, spectta for the AJ diamond, taken at two representative temperatures, 

are shown. The sharp features are quenched, but there is a more gradual decrease in the 

mtensity of tiie broadband PL. What is seen m tiiis figure, and is especially clear m tiie 300 

K specttnm, is that the broadband PL is composed of at least two bands. The broadest band 

appears to be Gaussian and is centered near 1.78-eV (dashed curve in Fig. 4.3). The otiier 

component is not symmettic, and exhibits maximum intensity near 1.70-eV. The 

temperattire dependences of two sharp W related and tiie broad specttal feattires m tiie 

CWPL spectrum are summarized in Figure 4.9. 
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All features related to W emission exhibit similar dependences on temperature. 

Below 100 K the CWPL mtensity decreases weakly, indicating dominance by tiie radiative 

transition. For temperatures between 100 K and room temperature, the intensity 

exponentially decreases due to enhanced competition from non-radiative processes. Analysis 

yields an activation energy for non-radiative processes of 37-meV. This behavior is similar 

to what has been previously seen for the silicon related defect emission (1.681-eV) which 

exhibits an activation energy of 70-meV.̂ ^ 

The fact that W related bands exhibit the same temperature dependence indicates that 

the splittings are not in the excited state. In order for these peaks to originate from splitting 

in the excited state, the ratio ofthe intensities should exhibit a Boltzmann dependence, as has 

been seen for the Si center at 1.681-eV.̂  Since no temperature dependence was observed for 

the relative intensities ofthe W related lines, we conclude that the lines do not arise from 

splitting in the excited state. However, the possibility of ground state splitting can not be 

ruled out, and could be verified by studying tiie temperature dependence of the 

correspondmg mtensities to tiiese lines in the absorption spectrum. This behavior has been 

observed for the 1.4-eV nickel related center in synthetic type lb diamonds.^^ A theoretical 

crystal field splitting approach has been done by Ted Anderson^^ which offers one 

explanation for the observed peaks based on tiie temperature dependence. Otiier models have 

been proposed and experiments to help solidify an explanation are ongoing. 

In the AJ sample, we measured TRPL at several sharp peak energies in tiie 1.55 -

2.07-eV range, as well as m ranges where tiiere were no sharp features in the CW spectrum. 

We observe lifetmies at the W related peak energies which are very close to the broadband 
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lifetmies. That is, we see nothing distinct from the W bands. This suggests that lifetimes 

for tiie W level recombmation are below tiie 100-ps resolution. The fast decay times for W 

related emission may be due to tiie presence of nonradiative decay patiis competing with tiie 

radiative process we observe in the CWPL spectrum. These sharp peaks have only been 

observed m high quality polycrystalline diamond films, such as the AJ sample investigated 

here and the hot-filament CVD film measured by Perry.^ Since high quality is usually 

associated with small content of disordered phases (e.g., sp^ bonded carbon), as evidenced 

by the 1500 - 1600-cm"' Raman band and weaker broadband PL emission, it is consistent to 

say that the nonradiative decay paths we discuss are associated with the presence of 

disordered structure within the diamond film. 

The absence of sharp W peaks in the CWPL spectta of diamond films, which should 

contain tungsten, does not necessarily imply that the samples are free of these metallic 

impurities. Rather, it shows strong PL quenching of the sharp peaks by nonradiative 

ttansitions enhanced by the presence of disordered phases. Thus, only in high quality 

diamond films should one expect to see W related emission. The presence of metallic 

unpurities will enhance tiie one-phonon (disorder activated) absorption near 1100-cm' m the 

infrared spectrum Figure 4.2, but will not significantiy erode tiie visible optical ttansparency. 

4-5 Broadband Emission 

The broadband PL emission, seen for both tiie AJ and MW samples (Figs. 4.3 and 

4.4, respectively), is similar to what has been observed by several groups in undoped and 

nittogen doped polycrystalline diamond. The origin of tiiis emission remains conttoversial. 
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In undoped fihns it is tiiought to stem from a-SiC:H,^°or from sp^ bonded carbon clusters.^-^' 

From tiie temperature dependence, it was concluded tiiat the emission does not origmate 

from vibronic mteraction of nittogen centers.^^ In tiie present study, it was not possible to 

understand tiie role of nittogen in tiie origm of tiie broadband PL based solely on comparison 

of tiie shapes ofthe spectra and tiiefr temperattire dependences. Lifetime sttidies proved 

essential to a better understanding ofthe emission. 

The broadband CWPL from tiie AJ sample consists most simply of a broad Gaussian 

band centered at 1.8-eV (FWHM approximately 0.24-eV) and an asymmettic band peaking 

near 1.7-eV (approximate width of 0.07-eV). This band appears to be observed only when 

tungsten unpurities are incorporated mto the material.^ One possible explanation is that the 

asymmetric broadband comes from vibronic coupling ofthe W levels to the host lattice. We 

note, however, that no sharp features are observed (at low temperature) which correspond 

to diamond crystal phonons possessing high density of states. Furthermore, we argue in the 

previous section that the W levels are weakly coupled to the lattice. Another possible 

explanation is that W atoms may tend to cluster during the growth process. Electtonic levels 

from these clusters Would tend to form more of a continuous band than discrete levels. 

Isolated W impurities would lead to discrete levels and narrow emission features. The band 

of levels would produce a broadened, continuous specttal feature. Work m progress on AJ 

samples prepared under varying conditions exhibits the broad asymmetric band but no sharp 

peaks, even at low temperatures.^^ This tends to support the latter mterpretation of clustering) 

but more work is needed to complete the study. 
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The temperature dependence ofthe 1.8-eV broadband emission in the A J sample 

(Fig. 4.9) is sunilar to that observed m a-Sî Ci.x alloys.̂ '̂̂ "* In that case the intensity exhibits 

a temperature dependence described by 

° l-e'"^ (4.1) 
7(7) 

where IQ is the intensity at low temperature (< 100 K) and TQ has been correlated with tiie 

bandtail slope. This analysis has been carried out by Bergman et al. in polycrystalline 

diamond.̂ ^ In our case, we obtain a TQ of 100 K, which is comparable to their values of 65 

and 85 K. All these values are higher than what is observed in a-Si:H, for which TQ is about 

25 K, and tends to increase with carbon content in the amorphous alloys because of the 

bandtail broadening."'^''Bergman et al.'' conclude that this emission is consistent with sp^ 

bonded amorphous carbon. We suggest that disordered carbons may be present in clusters 

of varying size, consistent with Robertson's analysis ofthe optical gap of hexagonal carbon 

clusters.^^ 

TRPL decay curves were measured for the AJ sample at all sharp peak energies 

observed in the CWPL spectrum, as well as at several energies where we observe only the 

broadband PL m tiie 1.55 - 2.07-eV range. Lifetimes corresponding to tiie sharp ttansitions 

have already been discussed. Decay curves and lifetime distributions are shown in Figure 

4.10. These measurements were taken with the spectrometer analyzmg light at 1.735-eV 

(main W band) and 1.910-eV (background only). Agam, tiie W related ttansitions exhibited 

lifetimes identical to the background lifetimes, indicating tiiat the W ttansitions have 

lifetimes less than 100-ps. The inset to Figure 4.10 shows the lifetime disttibutions at 
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Figure4.10. Time resolved decay curves for tiie AJ sample taken at 1.91 eV (•) and 1.735 
eV (•)• The (A) show tiie decay for an a-C:H film. All curves are nearly identical. The inset 
shows tiie resulting lifetime disttibution for the AJ sample at 1.91 eV. 
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1.910-eV. For all measurements taken over the photon energy range above, onl} three 

common lifetimes were observed with average lifetimes of 0.58 ± 0.05-ns, 1.6 ± 0.1-ns, and 

6.5 ± 1.0-ns. We also measured the TRPL decay of a-C:H thin films in order to make a 

dfrect comparison with the broadband PL seen in the diamond films. The a-C:H was 

deposited usmg an electton cyclotton resonance plasma method usmg a mixture of metiiane 

and hydrogen gases. The fihn has an optical gap of 2.7-eV and contams 40-50% atomic 

hydrogen (from uifrared absorption). The sample exhibits sttong CWPL at room 

temperature. TRPL decay from the a-C:H fihn is also plotted in Figure 4.10. Decay hfetimes 

for this sample are within experimental error of those reported above from the AJ diamond 

film. We note here that both AJ and a-C:H samples exhibit a short time component which 

could not be resolved with the system. Finally, the asymmetric broadband PL component 

(1.7-eV in Fig. 4.3) gives the same lifetimes as the broadband PL. This implies a lifetime 

for this emission below the detection limit. The lifetime examination, especially comparison 

with an amorphous carbon film, verifies that the broadband PL in polycrystalline diamond 

films originates from a disordered carbon structure, possibly present at the grain boundaries. 

We will now discuss the broadband CWPL seen in the MW sample shown in Figure 

4.4. This spectrum has some similarities with the broadband CWPL from the AJ sample (Fig. 

4.3): primarily, the spectta cover approximately tiie same range. Sunilar spectta have been 

reported in polycrystallme diamond both witii and witiiout nittogen.̂ '̂ -̂̂ '̂̂ '̂̂ '̂̂ ^ Agam, it is 

thought that this originates from disordered carbon phases.'̂ '̂ '̂̂ ' From tiie temperature 

dependence of the broadband CWPL m mtrinsic samples, we conclude that the 

broadband does not originate from a vibronic interaction ofthe nittogen centers.'^ Accordmg 

185 



to Bergman et al.?^ a vibronic band should exhibit an intensity and linewidth temperature 

dependence, which they do not observe. This is m agreement with what we discussed for the 

A J sample. What we see from the MW sample, in which we have high concenttations of 

point defects, is quite different. We observe vibronic sidebands and a much weaker 

temperature dependence, very similar to what was reported in for natural diamond.^ The 

CWPL spectrum can be divided mto two regions: tiie 1.95 - 2.18- eV region, which exhibits 

sidebands ofthe V-N-V, and tiie 1.55 - 1.95-eV range which exhibits sidebands to the N-V 

center. This mterpretation is supported by the TRPL lifetune analysis. Lifetune distributions 

are hsted in Table 4.3.1. In the higher energy range, a dominant long-lifetime component of 

25-ns was observed. This suggests that most of what is observed in the spectrum stems from 

the V-N-V center and its sidebands. In conttast, below 1.95-eV (i.e., in the second range), 

a long lifetime component of 14-ns is observed, which is significantly shorter than in the 

higher energy range. Thus, it would appear that most of what is measured comes from 

vibrational sidebands to the N-V center. Additionally, there is a shorter-lifetime component, 

approximately 1-ns. This is attributed to the background and is similar to what is discussed 

above for the AJ sample. This shows that the background can have several origms: vibronic, 

disordered carbon phases, or a combination of these. In the MW sample, tiiere is a 

temperature dependence of the CWPL caused mainly by tiie vibronic band with some 

conttibution from the disordered carbon. It is essential, tiierefore, to compare CWPL spectta 

from polycrystalline diamond fihns which have similar defect types and concenttations to 

keep from conftising signatures due to different physical phenomena. 
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4.6 Conclusions 

Polycrystalline diamond films prepared by arcjet and microwave CVD were smdied 

usmg CWPL and TRPL. Previously identified, sharp peaks were observed m CWPL spectta 

of botii samples. For the AJ sample (Fig. 4.3), we observed the V-N-V center at 2.155-eV 

and silicon related defect band at 1.681-eV. In the MW sample (Fig. 4.4), we detected tiie 

V-N-V center, as well as the N-V center at 1.945-eV and the same silicon related band at 

1.681-eV. The V-N-V and N-V centers exhibit vibrational sidebands. For the N-V center, 

we report emission lifetmies of 14 ± 1-ns. Otiier lifetune measurements of tiie above features 

agree with previous results. 

Also observed m the AJ CVD sample is a series ofsharp CWPL emission lines near 

1.7-eV. These lines reveal an interesting pattem (Fig. 4.8). It appears that there are five 

parent lines, grouped as a doublet (1.735 and 1.741-eV) and a triplet (1.750, 1.754, and 

1.759-eV). Accompanymg the sttongest members of these groupings (first number in each 

series) are vibrational sidebands separated by 24-meV. The sttongest emission line at 1.735-

eV shows at least three such sidebands, and possibly more. Lifetimes related to these lines 

are shorter than 100-ps. Increasing temperature quenches these lines, implying an activation 

energy of 37-meV. However, no temperature dependence was observed for the relative 

intensities, indicating that the series of lines arises from splitting in the ground state. This 

suggests that the emission is from the diamond conduction band into defect levels associated 

with the presence of tungsten atoms, incorporated during deposition. It is important to note 

that high crystal quality is necessary to observe the W related bands, as disorder produces 

non-radiative decay channels. 
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An underlying broadband emission is observed between 1.5 and 2.1-eV in both 

samples. In the AJ CVD film, this broadband PL is composed of two bands. Increasing 

temperature decreases the mtensity of tiie broader, symmetric band, similar to a-Si:H. TRPL 

lifetimes were found to be close to what is measured for a-C:H. These studies support tiie 

identification of this band as stemming from a disordered phase of carbon present in the 

polycrystallme film. In the case oftiieMW CVD specimen, two ranges are identified. The 

fu-st range spans 1.975 to 2.155-eV; the specttiim and TRPL lifetimes are dommated by V-N-

V emission and its vibrational sidebands. The second range runs from 1.55 to 1.945-eV and 

is primarily composed of N-V related emission and vibrational sidebands, based on the 

lifetime distributions. A small contribution also comes from disordered carbon present in 

tiiis sample. Here, tiie temperature dependence is much weaker tiian tiie broadband PL m the 

AJ material and is nearly identical to what has been reported for the N-V center in natural 

diamond.^ Thus, the presence of a temperature dependence doesn't rule out the possibility 

of a vibronic origin to the broadband PL. We believe that the addition of TRPL studies 

provides essential clues needed to address whether broadband CWPL stems from vibronic 

related emission or from disordered carbon phases. Evidently, it is possible to have both 

vibronic and disorder related emission, depending on the material quality and level of guest 

impurity presence. 
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CHAPTER V 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES 

5.1 Conclusion 

The work presented has filled m some ofthe remaming gaps in the understanding of 

disordered structure and unpurities found in some carbon materials. We have demonsttated 

the usefiilness of Raman and photoluminescence specttoscopies m doing this in a non

destructive manner. Carbon's v^de array of stable crystalline and disordered phases allows 

a plethora of materials characteristics to be realized. Carbon is an exttemely unportant 

technological material who's potential has not yet been realized. Diamond and amorphous 

carbon fihns will find thefr way in to a host of optical, electrical, and tribological 

applications. Various graphite-like materials are extensively used m fiiction applications and 

there are many proposed uses for the fiillerene families of nano-molecules. Before some of 

these applications can be fiilly realized, a complete understanding is needed ofthe structural, 

electrical, and optical properties. These all vary ttemendously depending upon the bonding 

characteristics ofthe particular carbon material. 

In Chapter I, we examined the differences between crystalline carbon phases and 

some ofthe many disordered carbon materials and how this was manifested in the observed 

Raman spectta. We saw that some disordered carbons can have similar Raman spectrums 

but very dissimilar materials properties. We next took a brief look at photoluminescence 

specttoscopy m order to incorporate another tool for understanding low level contaminants 

and structures found in some carbon materials. We next discussed the actual experimental 
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apparatus and techniques of Raman and PL spectroscopy including the procedure to 

determine decay lifetimes found by TRPL. A multi-channel Raman system was constructed 

as part of this work. This was essential to our studies because it produced very high quality 

spectta of disordered materials in relatively short periods of time. Our specttal signal-to-

noise was noticeably much higher than those seen in previous studies that used only scanning 

Raman systems. This allowed us to make more precise measurements of the number of 

bands in a spectrum, their peak positions, and their widths. Because the spectta took 

minutes, not hours or days to measure, many samples could be measured, each with multiple 

excitation energies. The scanning triple dispersive Raman system was usefiil for measuring 

the low energy vibrational mode of graphite. The time-resolved photoluminescence 

specttoscopy system allowed us to measure decay life-times below one nanosecond. 

In Chapter II we looked at the bondmg structure of disordered graphitic materials. 

The first study examined laser annealed graphite and demonsttated that both inter-plane and 

intta-plane bonding could be analyzed using Raman. The multi-channel micro-Raman 

system was essential for measuring the 50-|im diameter regions of disorder. Our results 

confimied that graphite had been momentarily liquified by the laser pulse, but the high 

pressures and temperatures did not produce any detectable quantities of diamond or 

fiillerenes. The resolidified material was still graphitic but was nano-crystallme in nattire. 

This situation led to the question of how these nano-crystallites held together and what 

happens if tiie crystallites get very small. As an extension ofthe sttidy, we measured a 

highly disordered form of graphite (GAC) usmg annealmg as a way to change tiie bonding 

structure. The startmg GAC material is considered a covalent random network (CRN) 
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containing mostly six-membered rings but some five and seven membered. There is bond 

length and angle disorder and there is no long-range crystalline bonding. Any grouping of 

six-membered rings is better referred to as a cluster and not a crystal. The number of rings 

contained in a cluster increases with increasing anneal temperature. High anneal temperature 

will eventually lead to complete graphitization. Our studies, through 1050 *C, show that 

ordering does increase but the cluster sizes are still very small, even to this temperature. We 

have suggested that variation in the peak position ofthe main vibrational mode (G-band) is 

due to a finite-size effect. A broad band near 1500-cm"' has been attributed to vibrational 

modes due to five- and seven-membered rings and compares well with theoretical 

calculations. 

Chapter III examined an interesting phenomena that is encountered in the Raman 

spectta of highly disordered carbon materials when the excitation energy is changed. Some 

of the Raman modes in disordered carbons can change m relative intensity (Type I 

resonance) and peak position (Type II) when the excitation energy is varied. A definitive 

theoretical reason for the peak position shift has not yet been pinned down, but it seems to 

only occur for very small structures caused by disorder. This was shown for the D-band of 

n-graphite and the G-band of highly disordered graphite when very small cluster sizes are 

reached. In addition, the A-band of a-C was shown to vary witii excitation energy, but 

apparently did not depend much on the hydrogen content. The prevailmg model of a-C is 

that it is made up of small clusters of hexagonal rings mterconnected by sp^ bondmg. For 

very small cluster sized GAC, the resonance shift will approach that of the a-C. Vastly 
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different optical properties indicate that the interconnections are different between the two 

materials. The broader the Raman band, the larger the resonance shift was. 

In Chapter IV we looked at how continuous-wave and time-resolved luminescence 

can be used to categorize various impurity atoms and structures in polycrystalline diamond 

fihns. Raman specttoscopy does not reveal the presence of low level pomt defects and small 

percentages of disordered structure can be eclipsed by tiie signal from the crystalline 

structiue. Sharp PL bands were most likely the result of tungsten unpurities in the film 

caused by erosion of the tungsten electrode during growth. Tune-resolved 

photoluminescence was used to determme that broadband luminescence origmated from both 

vibronic and disordered carbon sources. 

5.2 Suggestions For Future Studies 

Both Raman systems were found to be usefiil, but to be most effective, they have to 

be used as a team. The scanning system is the best when a broad spectrum is needed or when 

studying low energy vibrational modes. It is probably best, when working with a new 

sample (regardless of what kind), to use the scanning system to get a general idea ofthe 

spectrum from close to the laser line out through second order. Large steps and short 

integration times can be used to expedite the process in some cases. Broad, underlying PL 

bands will be revealed which will improve the fitting parameters used to deconvolute the 

multi-channel spectta. Interesting areas can then be targeted with the multi-channel system 

and accurately characterized. The multi-channel's ability to integrate at each channel 

simultaneously produces exttemely high signal-to-noise ratios which greatly improve the 
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deconvolution process. The ultimate resolution is, however, not as good as that of the 

scanning system so it cannot be used to separate closely spaced lines. For an average sample 

in the energy range accessible to the CCD, the spectra from both systems come out very 

similar. 

More studies could be done to better understand the disorder found in polycrystallme 

diamond. Carefiil annealing and/or ion bombardment could be used to slowly change the 

level of disorder. Raman and PL measurements could be taken after each stage to determine 

if more disorder is present and if the vibrational modes shift in peak position and experience 

resonance shifts. Correlation with STM analysis would be very helpfiil to determine the 

exact nature ofthe disorder structure. 

The PL study of polycrystalline diamond revealed that there were still various 

impurities are incorporated into films during growth. A systematic study of metal-electtode 

contamination under various growth conditions for arc-jet and hot-filament grown samples 

should be correlated with one-phonon integrated absorption to better understand the 

importance of metal impurities introduced during growth. It would be helpfiil at this stage 

to conduct a series of PL measurements on high quality samples showing varying W 

concentrations, and these studies are in progress by S. Lai et al. Further, to measure the 

lifetimes of these emission bands, it would be important to obtain synthetic diamond, 

intentionally doped with tungsten. 
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