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ABSTRACT 

The purpose of this work is to develop an expertise of deposition of amorphous 

carbon (a-C) films, especially diamond-like carbon (DLC) films using various deposition 

systems, to acquire better understandings of this material by various characterization 

techniques, and finally to study the feasibility of using this material as a new dielectric for 

Metal-to-Metal antifiise devices to solve the switching problem of the amorphous silicon 

(a-Si) antifuses. 

In this work, we report successful deposition of DLC films using a microwave 

electron cyclotron resonance (ECR) plasma system. We found that a-C:H films deposited 

without rf biasing are soft and polymer-like and have higher band gaps. DLC films can 

only be produced under a negative self-bias induced by the rf biasing. The band gap of the 

film decreases with the increase in rf power, and with the decrease in deposition pressure. 

This shows that the properties of the films depend mainly on the ion bombardment energy. 

For a more in-depth investigation of amorphous carbon, a-C;H and its alloys (a-

C:H,N,F) deposited using an rf plasma enhanced chemical vapor deposition (PECVD) 

system at the University of Arkansas were used. We have used infrared (IR), optical 

absorption, and continuous (cw) and time resolved photoluminescence (PL) to 

characterize these materials. We have calculated the normal mode vibrational frequencies 

of nitrogen and fluorine related modes using a simple valence force field method. We also 

studied the effects of nitrogen and fluorine on the film's properties. Our optical absorption 
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and PL data support the cluster model proposed by Robertson that a-C:H contains both 

sp and sp sites, with sp clusters embedded in a sp bonded matrix. 

For this work, a-C:H and its alloys (a-C:H,N,F) were employed as potential 

dielectrics for the Metal-to-Metal antifiise development. We found that these new 

antifuses have several characteristics superior to a-Si antifuses including lower values of 

OFF-state leakage current, ON-state resistance, dielectric constant and breakdown 

voltage. Most importantly, these new antifuses do not show ON-OFF switching which is 

observed in a-Si antifuses. Finally a phase transition model is proposed to explain the 

breakdown mechanism and ON-state reliability in amorphous carbon antifiises. 
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-exc 

Xl l 



4.15 The PL decays of samples A, B, C and D in 0 - 25 ns scale at 2.07 eV 
emission energy when the samples were excited with 3.2 eV photons 171 

4.16 The lifetime distribution for sample A at 2.07 eV emission energy when the 
sample was excited with 3.2 eV photons 172 

4.17 The PL decays from sample D at three emission energies ( 2.76, 2.07 and 
1.66 eV) when the sample is excited with 3.2 eV photons 177 

4.18 The PL decays from sample D at 1.66 eV emission energy when the sample 
was excited with three different energies (3.2, 2.48 and 2.04 eV) 179 

5.1 The I-V curves of the intrinsic a-Si:H sample with Al, Au and Cu top 
contacts 188 

5.2 The I-V curves of the annealed a-Si:H sample with Al, Au and Cu top 
contacts 189 

5.3 A schematic diagram of a metal Schottky contact on a semiconductor 190 

5.4 The breakdown process of the TiW/a-Si:H/TiW antifiise 193 

5.5 The I-V characteristics of the programmed a-Si :H antifiise 194 

5.6 The ON-state and OFF-state resistances as functions of the area of the 
device 195 

5.7 The ON-state resistance, Ro„, versus reciprocal of programming current, 
I/Ip, for the device TiW/a-Si:H/TiW 197 

5.8 The plot of the switching current versus the programming current for 
TiW/a-Si:H/TiW device 198 

5.9 The 1:1 relationship for switching to programming current for ONO 
antifuses [5] 199 

5.10 The current flow and temperature profile of an antifiise during 
programming 201 

5.11 The ON-state resistance is the sum of the core resistance and the upper and 
lower electrode spreading resistances 203 

Xlll 



5.12 The I-V characteristics of the TiW/a-C:H/Al and TiW/a-C:H,N,F/Al 
antifuses 207 

5.13 The dependence of the ON-state resistance on the programming current 
of the TiW/a-C:H/Al and TiW/a-C:H,N,F/Al antifiises 208 

XIV 



CHAPTER I 

INTRODUCTION 

1.1 Motivation and Introduction 

Hydrogenated amorphous silicon has received considerable attention in device 

applications due to its optoelectronic characteristics and its low cost deposition of high 

quality films over a large area. 

Sandwiched between two electrodes, a thin film of amorphous silicon can be 

electrically programmed from a high resistance state (about IGO) to a low resistance 

state (50 n ) for an OFF-to-ON' ratio of 2x10 .̂ This unique property has been exploited 

to create a metal-to-metal antifiise as a programming element for a Field Programming 

Gate Array (FPGA)[1]. A FPGA includes a large number of logic elements such as AND 

gates and OR gates which can be selectively coupled together by means of fiises or 

antifuses to perform user designed functions. Among all the antifiise materials and 

structures studied in the past, amorphous silicon is the most promising material for future 

generation FPGA [1,2]. 

Though the application of a-Si antifuses seems very promising, there are some 

properties of this material which pose a serious reliability issue for FPGA application. The 

a-Si antifiise, once broken down in the programming stage, can be switched back to the 

OFF-state during the operation when the DC read current becomes comparable to or 

larger than the programming current [3], and the logic function installed in the 



programming stage can be destroyed. In order to solve the switching problem, we have 

worked extensively on the development of a-Si :H antifiises and studied the effects of the 

film properties (e.g., defect density and hydrogen content) and the metal contacts on 

leakage current, breakdown voltage and ON-state stability. Although the improvement in 

ON-state stability was obtained by annealing the devices to 400°C or using specific metal 

electrodes, circuit reliability was still a major issue. We realized that we must look for a 

new material as a substitute for a-Si. This material must have a higher resistivity, low ON-

state resistance and breakdown voltage below lOV for 1000 A thickness film to be of 

practical use. Of most importance is that this new material must not show switching. So 

we turned to amorphous carbon films for potential antifiise application. 

Carbon materials have long been of scientific interest because of their unusual 

structure and properties. Unlike silicon, a carbon atom can adopt three different bonding 

configurations, sp̂ , sp̂  and sp̂  (Figure 1.1). Therefore, a wide variety of carbon phases 

exist both in crystalline and amorphous forms. In the sp̂  configuration, each of the four 

valence electrons of carbon is assigned to a tetrahedrally directed sp hybrid, which then 

forms a strong a bond with an adjacent atom. In the sp configuration, three of the four 

valence electrons are assigned to the trigonally directed sp hybrid orbitals which form 

strong intra-layer a bonds; the fourth electron lies in a pz (pTi) orbital oriented 

perpendicular to the a bonding plane. The p7C orbital forms weaker K bonds with 

neighboring p7C orbitals. In the sp' configuration, only two of the four valence electrons 
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1 __2 _ _ j __3 Figure 1.1: Schematic representation of sp , sp , and sp hybridized carbon 



are assigned to linearly directed sp' hybrids which form a bonds, and the other two 

electrons are placed in orthogonal py and pz orbitals to form n bonds. In crystalline forms, 

there are three allotropes of carbon, i.e. diamond, graphite and recently discovered 

flillerene Ceo, the so-called "buckyball" [4,5]. 

Diamond consists only tetrahedrally bonded sp̂  carbons. It has a 5.5 eV band gap, 

and the highest hardness, elastic modulus and room temperaturee thermal conductivy of 

any solid due to their strong, directional a bonds [6]. Graphite consists of hexagonal 

layers of sp sites, weakly bonded together by Van der Waals forces along its c axis in an 

ABAB stacking sequence. The conductivity and strength are very high along the basel 

plane, but they are low along the c direction due to the bonding anisotropy. Since graphite 

is the stable phase among the carbon allotropes, many disordered forms of carbon have 

structures based on its lattice. In Ceo each carbon atom is 3-fold coordinated in a slightly 

distorted sp configuration [4,5]. The various non-crystalline carbons can be considered to 

be intermediate between diamond, graphite and hydrocarbon polymers. According to the 

amounts of sp and sp sites and hydrogen content in these non-crystalline forms of 

carbons, they can be classified as soot, glassy carbon, evaporated carbon and 

hydrogenated amorphous carbon (a-C:H). The physical properties of the various non

crystalline forms of carbon are compared with those of diamond, graphite and Ceo in Table 

1.1 [7]. Since we are only interested in hydrogenated amorphous carbons, we will discuss 

these materials in great detail. 



Table 1.1 Properties of various forms of carbon 

Diamond 

Graphite 

Ceo 

Glassy C 

evap. a-C 

MSIB a-C 

hard PD a-C:H 

soft PD a-C:H 

Polyethylene 

Density 
(gm/cm^) 
3.515 

2.267 

1.3-1.55 

1.9-2.0 

3.0 

1.6-2.2 

0.9-1.6 

0.92 

Hardness 
(GPa) 
100 

2-3 

2-5 

30-130 

10-20 

<5 

0.01 

% sp^ 

100 

0 

0 

«0 

1 

90±5 

30-60 

50-80 

100 

at.% H 

<9 

10-40 

40-65 

67 

Band gap 
(eV) 
5.5 

-0.04 

1.8 

0.01 

0.4-07 

0.5-1.5 

0.8-1.7 

1.6-4 
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Hydrogenated amorphous carbon films are usually mechanically hard, infrared 

transparent and chemically inert. They also show good thermal conductivity and good 

electrical insulation. These unique properties make a-C:H films ideal candidates for many 

applications, such as hard coating materials for magnetic disc drives, as wear-resistant 

protective coatings for tools, as protective coatings against corrosion and as antireflective 

coatings for infrared windows [8]. Since the band gap of a-C:H films can be tuned from 

1.0 eV to 3.5 eV by changing the deposition conditions, such as ion bombardment energy 

and hence the composition of spVsp̂  ratio and hydrogen content, they may find 

applications in band gap engineering. It is these unique properties of a-C:H films that 

made us choose this material as a potential candidate for future generation FPGAs. We are 

the first ones to use a-C:H films as the dielectric material in antifiise applications. 

Doping of a-C:H films makes this material even more interesting. Recently, the 

effects of doping with nitrogen and fluorine on the growth and electrical properties of a-

C:H have been extensively investigated by G. Sreenivas, et al. at University of Arkansas 

[9,10]. They prepared polymer-hke a-C:H films with an optical gap of 3.1 eV and above 

50% hydrogen. Doping of these films with nitrogen and fluorine increased the refractive 

index, lowered the bulk resistivity, and lowered the optical band gap [9,10]. The most 

interesting property of the doped films was that they showed thermal stability up to 400°C 

annealing temperature, while the undoped polymer-like a-C:H films were converted to 

graphitic films at 200°C annealing temperature. In the CMOS processing, the temperature 



is raised up to 400-450°C after the antifiise dielectric film is deposited. Therefore, it is 

necessary for the film to be thermally stable up to at least 400°C. 

The main purpose of this work is to study the feasibility of using a-C:H and its 

alloys (a-C:H,N,F) as stable antifiise dielectrics for FPGA application. To reach this end, 

properties of these materials must be thoroughly investigated and well understood. Also in 

order to produce a high quality film, the effects of deposition conditions on the film 

properties must be investigated and well controlled. 

This dissertation is organized as follows. In Chapter I, the basic atomic and 

electronic structures of a-Si :H and a-C:H will be described. Then the reasons antifuses are 

so important in FPGA applications will be explained, and the advantages and 

disadvantages of the various existing structures of antifiises will be compared. After that, 

the requirements of the characteristics of antifuses for FPGA application will be 

summarized. 

Chapter II will describe the detailed techniques used in this work, which includes 

the theoretical background, experimetal set up and data analysis for each technique. First, 

the thin film deposition techniques using Electron Cyclotron Resonance (ECR) Plasma 

deposition, rf Plasma Enhanced Chemical Vapor Deposition (PECVD) and rf Reactive 

Sputtering deposition will be described. Then the various characterization techniques 

including Fourier Transform Infrared (FTIR) spectroscopy, optical absorption, continuous 

wave (cw) Photoluminescence (PL), PL decay measurements and Raman spectroscopy 



will be introduced. Finally, the I-V characteristic measurement and testing of the reliability 

of antifuses will be presented. 

Chapter III will be devoted to a discussion of the deposition of a-C:H films using 

the ECR system. The properties of the a-C:H films under different deposition conditions 

will be compared. Chapter IV will present the results of the characterization of a-C:H and 

its alloys (a-C:H,N) produced from the rf PECVD system at the University of Arkansas. 

The roles of nitrogen and fluorine on the film properties will be discussed. In Chapter V, 

the antifiise devices using a-C:H and its alloys (a-C:H,N) deposited by rf PECVD system 

v l̂l be studied in detail. Their I-V characteristics and ON-state reliability will be compared 

with those of a-Si:H antifiises. Finally a new model will be proposed to explain the 

breakdown mechanism and ON-state reliability of a-C:H antifuses. The final chapter will 

give the conclusions from this work and recommendations for fiirther study. For 

convenience, references are given at the end of each chapter. 

1.2 Structure of a-Si:H 

1.2.1 Atomic structure 

The disorder of the atomic structure in amorphous materials is the main feature 

which distinguishes them from crystalline materials. However, amorphous semiconductors 

are not completely disordered. In amorphous silicon, the covalent bonds between the 

silicon atoms are much the same as in crystalline silicon, with the same number of 

neighbors and the same average bond lengths and bond angles. From X-ray and electron 
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diffraction experiments [11,12], radial atomic density distribution function of amorphous 

silicon were obtained. These experiments showed that the first few nearest neighbor 

environment in amorphous silicon is approximately the same as in its crystalline 

counterpart. This implies that the short-range order is still retained in amorphous silicon. 

However, the correlation between atom pairs loses structure after a few interatomic 

spacings. Therefore, the periodicity of the atomic structure is lost. The lack of long-range 

order makes it inappropriate to use the Bloch theorem to study the band structure of a-

Si:H, since the Bloch theorem is based on the translational symmetry or periodicity of the 

lattice. 

The short-range order and long-range disorder lead to the model of the continuous 

random network. This model replaces the periodic crystalline structure with a random 

network in which each atom has a specific number of bonds to its immediate neighbors. 

Figure 1.2 [13] shows an example of two-dimensional continuous random network 

containing atoms of different coordination. The random network has the property of easily 

incorporating atoms of different coordination. 

A perfect crystal is that in which the atoms (or groups of atoms) are arranged in a 

pattern that repeats periodically in three dimensions to an infinite extent. Any departure 

from the perfect crystalline lattice is a defect. These imperfection could be a point defect, 

such as a vacancy or interstitial, or an extended defect, such as a dislocation or stacking 

fault, or an impurity. In amorphous material, a different definition of defect is required 

because there is no perfect lattice. By analogy with the crystal, a defect can be defined as 



Coordination 

• 4 
• 3 
o 1 

Figure 1.2: An example of two-dimensional continuous random network. 
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a departure from the ideal amorphous network, which is a continous random network in 

which all bonds are satisfied. In ideal a-Si:H, all silicon atoms are four-fold coordinated 

and all hydrogen atoms are singly coordinated. Thus the elementary defect of an 

amorphous semiconductor is the coordination defect in which an atom has too many or 

too few bonds as compared to the ideal. The ability of the disordered network to adapt to 

different atomic coordination allows an isolated coordination defect. In a-Si:H, the most 

common defect is a dangling bond in which the silicon atom is under coordinated. 

1.2.2 Electronic structure 

The three principal features of the structure of amorphous material are the short-

range order of the ideal network, long-range disorder and the coordination defects. The 

short-range order results from the local chemical bonding of the atoms. Amorphous silicon 

and most of the amorphous semiconductors are covalently bonded. The covalent bond in 

a-Si:H is the result of the sp̂  hybridization of four valence electrons. The electrons of an 

isolated silicon atom occupy two 3 s and two 3p states, in addition to the deeper core 

states which are not involved in the bonding. When the atoms are brought together to 

form a solid, the electron interaction splits the valence states through sp̂  hybridization into 

bonding and anti-bonding levels, as shown in Figure 1.3. As the bonding state has a lower 

energy than the isolated atomic levels, valence electrons tend to occupy bonding states, 

then chemical bonding occurs. 

11 
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sp 3 \ 
4 4 4 4 
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iiii Bonding 

Figure 1.3: Illustration of bonding and anti-bonding through sp3 hybridization. 
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Although the band structure of crystalline solids does not strictly apply to 

amorphous materials, the existence of a band gap is equivalently described by the splitting 

of the bonding (or lone pair) and anti-bonding states of the covalent bond. The bands are 

most strongly influenced by the short-range order and the loss of long-range order is a 

small perturbation. Since the short-range order of an amorphous material is much the same 

as that of its crystalline counterpart, the overall electronic structures of both materials are 

similar. Amorphous and crystalline phases of the same material tend to have comparable 

band gaps. For example, a-Si:H has a band gap of 1.7 eV, compared to 1.1 eV for c-Si. 

However, long-range structural disorder due to deviation of bond lengh and bond angle 

broadens the electron distribution of states and causes electron and hole localization as 

well as strong scattering of the carriers. Therefore the abrupt band edges of a crystal are 

replaced by a broadened tail of states extending into the forbidden gap. These band tail 

states play important roles in electronic and optical processes because these occur at the 

band edge. The extended and localized states are separated by a mobility edge at energy Eg 

for electrons. At zero temperature, only electrons above Ec are mobile and contribute to 

the conduction. The band gap is defined as the separation between conduction and valence 

bands. Since for a-Si:H, the band tail density of states decays continuously with energy, 

there is no precise location of the gap. This ambiguity leads to two different definitions of 

the gap in a-Si:H. One is defined as an optical gap derived from the Tauc equation (see 

section 2.2.2). So the optical gap is often referred to as the "Tauc gap." The definition of 

the Tauc gap effectively corresponds to placing optical band edges at a certain density of 

13 



states near the band edges. The other is referred to as a mobility gap, which is defined as 

the energy separation of the conduction and valence band mobility edges. In a-bonded 

amorphous semiconductors like a-Si:H where the potential fluctuations are short range 

and only moderate in size, the mobility edges also tend to lie at certain density of states, at 

roughly a third of the corresponding free-electron value [14]. Therefore, it is possible to 

define the optical band gap Eopt to equal the mobility gap E^ so that the optical band edges 

lie at roughly the same energy as the mobility edges. 

Departures from the ideal network, such as coordination defects, create electronic 

states deep within the band gap. Therefore, these states are called defect states. These 

defects affect many electronic properties by controlling trapping and recombination. 

The waveflinctions of the electronic states are the solutions to Schrodinger's 

equation. For a crystal, the wavefiinction has a well-defined momentum, k, and extends 

throughout the crystal. The energy bands are described by energy-momentum (E-k) 

dispersion relations. These solutions to Schrodinger's equation do not apply to an 

amorphous semiconductor because the potential is not periodic. The disorder potential 

causes frequent scaterring of the electron from one Bloch state to another. The strong 

scattering causes a large uncertainty in the electron momentum k, through the uncertainty 

principle, 

dJc = ni ^x^tila^^k (1.1) 

where Ax is the scattering length and ao is the interatomic spacing. Since the uncertainty in 

momentum k is of the order of k, the momentum is not a good quantum number and is 
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not conserved in electronic transitions. Therefore, the energy bands are no longer 

described by the E-k dispersion relation, but instead by a density of states distribution. 

Also the conservation of momentum selection rule does not apply to optical transitions for 

amorphous semiconductors. There is no distinction between direct and indirect band gaps. 

In summary, the electronic structure of a-Si:H comprises the conduction and 

valence bands, the band tails and the defect states within the gap. A schematic density of 

states distribution of a-Si:H showing this structure is illustrated in Figure 1.4. 

1.2.3 Role of hydrogen in a-Si:H 

The primary beneficial effect of the hydrogen in a-Si:H is to passivate dangling 

bonds by terminating silicon bonds. Unhydrogenated amorphous silicon has a very high 

defect density (as high as 10 -10 cm'). Electronic defects reduce photosensitivity, 

suppress doping and impair the device performance of a-Si:H. The high defect density in 

unhydrogenated amorphous silicon makes this material less attractive in device 

applications. The defect density in hydrogenated amorphous silicon made from 

decomposition of silane by glow discharge can reach as low as lO'̂  cm'̂  [15] when the 

hydrogen concentration is about 9%. However, hydrogen also breaks and removes weak 

Si-Si bonds, causing reconstruction of the network. Therefore, optimization of hydrogen 

content and its bonding configurations is crucial for improving the performance and 

reliability of a-Si :H devices. 
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1.3 Structure of a-C :H 

1.3.1 Classification and Nomenclature 

Amorphous carbon films can be prepared by a variety of deposition methods, such 

as ion beam [16], plasma enhanced chemical vapor deposition (PECVD) [17], magnetron 

sputtering [18], rf sputtering [19] and laser plasma [20]. Such varied methods of 

deposition produce films with a very broad spectrum of properties. In order to study these 

carbon materials, a classification is necessary. Angus [8] has proposed a valuable means of 

classifying the various carbons and hydrocarbons in terms of their atom number density 

and hydrogen contents. The atom number density, PN, is the total number of atoms per 

unit volume divided by the Avogadro's number. Figure 1.5 [7] shows a plot of atom 

number density versus the atom fraction of hydrogen for a variety of carbon related 

materials. 

Diamond has the highest atom number density. Graphite has a lower density and 

lower atom density than diamond. The other solid carbon phases, which are based either 

on a graphitic, aromatic rings or unsaturated carbon chains, have atom number density 

well below 0.2 g-atom/cm .̂ A-C and a-C:H films deposited from different methods and 

under different conditions can have very different atom density and hydrogen content. 

Films with /:v >0.2 are called "dense carbonaceous films" or "diamond-like carbon (DLC) 

films," because of the similarity between the hardness of these films and diamond. Those 

Films containing significant amounts of hydrogen and PM>0.2 are called "dense 

hydrocarbon films." Those hydrocarbon films with PN<0.2 are usually soft. They are 
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designated as "polymer-like carbon (PLC) films." DLC and PLC films are very different in 

many aspects of properties. Table 1.2 compares the properties of these two types of films. 

1.3.2 Atomic structure 

As an amorphous material, a-C and a-C:H have similar structures as a-Si:H 

mentioned before, i.e., short-range order, long-range disorder and coordination defect. 

However, there exists a substantial degree of medium-range order on the ~ 10 A scale in 

a-C and a-C:H. The sp̂  sites of a-C tend to occur in warped graphite layer clusters and the 

sp and sp sites in a-C:H are somewhat segregated and clustered. 

Since a carbon atom can adopt three different bonding configurations, sp , sp and 

sp\ the first parameter to be determined is the sp̂ :sp̂  site concentration ratio. The most 

direct techniques to measure this ratio are the spectroscopic methods, nuclear magnetic 

resonance (NMR) [21] and X-ray near-edge structure (XANES) [22]. From the data 

published in the literature, it is generally believed that glassy carbon contains 

approximately 100% sp sites, evaporated a-C 90-99% sp sites, and a-C:H 30% sp sites 

with 30-60% hydrogen. There is little evidence for unhydrogenated carbons having sp̂  

sites, but there is some evidence that a-C:H have minor amounts of-C=CH groups. The 

carbon bonding and the hydrogen content define the short range-order in amorphous 

carbon. 

There have been many types of structural modeling that have been applied to a-C; 

the strained layer model of Egrun [23], the domain model of Stenhouse and Grout [24], 
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Table 1.2 Differences between DLC and PLC films 

refractive index 

atom density (g-atom/cm^) 

mass density (g/cm )̂ 

hardness(kPa/mm ) 

band gap(eV) 

hydrogen content 

photoluminescence 

Raman 

deposition condition 

CH species 

DLC 

1.8<n<2.3 

>0.2 

1.5-2.0 

hard (>1250) 

0.8-1.7 

low ( <50%) 

no or weak 

medium - strong 

high impact energy 
20 < Ei < 500 eV 
mainly CH group, 

some CH2, few CH3 

PLC 

n<1.8 

<0.2 

~ 1 g/cm^ 

soft (< 1250) 

>1.7 

high (>50%) 

strong 

weak 

low impact energy 
Ei < 20 eV 
mainly CH3 
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the random network models of Beeman et al. [25], and recently the cluster model of 

Robertson and O'Reilly [26]. 

Egrun [23] measured the scattering intensity F(k) of glassy carbon using X-ray 

diffraction. He noted that the F(k) value of glassy carbon has peaks corresponding to the 

QikG) and (002) positions of graphite but the other (hkl) peaks are not visible. He 

suggested that glassy carbon consists of strained graphite layers stacked in a disordered 

manner. This model produced a small broadening of the (hkO) peaks and a larger 

broadening of (00/) peaks which, in practice, washed out all but the (002) peak. No sp̂  

sites exist in this model. 

Stenhouse and Grout [24] dealt with a-C with a greater degree of disorder. They 

proposed that a-C could be considered as microcrystallites of graphite inter-linked by an 

sp -̂bonded random network. They calculated the radial distribution function (r.d.f) as a 

function of microcrystallite size and the proportion of sp sites. By comparing the 

calculated scattering intensities with those measured by Kakinoki et al. [27] and Franklin 

[28], they concluded that the Kakinoki sample has about 75% sp̂  sites and ~ 12 A 

graphitic domains, while the Franklin sample has about 50% sp̂  sites and ~ 20 A graphitic 

domains. However, Mildner and Carpenter [29] and Summerfield et al. [30] found an 

error in their analysis which causes it to overestimate the importance of sp̂  regions in the 

case of small crystallites. 

Beeman et al. [25] considered a-C with even more disordered structures. They 

constructed four model random networks, i.e., CI 120, C340, C356, and C519, containing 
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different proportions of sp and sp sites. The CI 120 model contains only sp sites and the 

C519 model contains only sp sites. The C340 model contains 9.1% sp sites and the 

C356 model contains 51.4 % sp̂  sites. The C340 and C356 models differ from the domain 

model of Stenhouse and Grout in that the sp̂  and sp̂  sites are intimately mixed. The bond 

lengths are set to those appropriate to the bonding. All the models contain a sizable 

fraction of odd-membered rings. They calculated the r.d.f s and the scattering intensities of 

the four models and compared with representative experimental data of Kakinoki et al. 

[27] and of Boiko et al. [31]. They noted that the scattering intensity function of Kakinoki 

et al. was best fitted by the C356 model and that of Boiko et al. by the C340 model. 

Although the random network models are valuable in pointing out the types of disorder in 

evaporated a-C, they lack sufficient correlation between their sp sites. 

Robertson and O'Reilly [26] studied the local density of state (DOS) of diamond, 

graphite and the four random networks of Beeman et al., calculated from the recursion 

method [32]. They noted that all three networks containing sp̂  sites have a finite DOS at 

Fermi energy Ep. This result immediately disagrees with the idea that the mere presence of 

sp sites is sufficient to open up a gap. They argued that the sp sites must be spatially 

"X ^ _ 

correlated to produce a gap even in the presence of sp sites. They proposed a cluster 

model based upon analysis of the energetics of n bonding and the fact that a gap in n 

states exists in a-C and a-C:H. The following is a brief description of their analysis of 7i 

states and the results. 
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As mentioned before, a-C and a-C:H contain both sp and sp carbon sites. The sp 

sites and sp sites are connected together by a bonds which form the skeleton of the 

random network. The sp sites also possess n states which form n bonds with neighboring 

sp sites. The energetics of a and n bonds are separable to first order. The a bond is a 

local function in the sense that the total energy of the two a bonds can be written as the 

sum of the energies of the individual bonds. The n bonds are more complex. They can 

form two-center bonds such as the C=C bond in ethylene. They can also form multicenter 

or resonant bonds as in polyacetylene, benzene or graphite. The existence of a gap in the n 

states can be analyzed by neglecting the a states entirely, because n states lie closer to the 

EF. TO analyze the n states, they are represented by a Hiickel Hamiltonian. The Hiickel 

Hamiltonian is a one-electron tight-binding model which retains only the n orbitals and the 

nearest-neighbor interactions between them, p=V(pz7r). This model maps the network of 

O 'X 

sp and sp sites into a sparser network of only n states, which in practice consists of a 

series of separate clusters. Finding the stable structure is to maximize the total % binding 

energy per site Etot of each cluster. There should be an even number of sites in each 

cluster, otherwise a half-filled state exists near E = 0 with low binding energy which 

reduces Etot, as the total number of sites N —> oo. In other words, a gap can only exist 

when the total number of sites N is even. The energetics of n bonding favors sp̂  sites 

forming sixfold ring aromatic species rather than chain (olefinic) species. Their energetics 

also favors the fusing of six-fold rings into poly-aromatic clusters, preferably compact in 

shape (graphitic) rather than linear (acenic). They concluded that the sp^ sites in a-C and 
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a-C:H are segregated into clusters embedded in a sp -̂bonded matrix. The size of the 

clusters in a-C is of the order of 15-20 A [7], and that in a-C:H is in a much smaller scale, 

4-10 A [7]. The medium-range ordering in a-C and a-C:H have been observed by the real 

space imaging processes such as transmission electron microscopy (TEM) [33], scanning 

transmission electron microscopy (STEM) [34] and scanning tunneling microscopy (STM) 

[35]. Evaporated or sputtered a-C contains few sp̂  sites; so the sp^ clusters are 

surrounded by a rim of sp̂  or defect sites. In a-C:H the sp̂  phase is the majority phase, 

which can be highly cross-linked as in hard a-C:H, or an open polymeric network as in soft 

a-C:H. The size of the cluster determines the band gap and the sp phase largely 

determines the mechanical properties [36]. 

To explain why a-C possesses medium-range order, Robertson and O'Reilly [26] 

proposed a model similar to that proposed by Phillips [37] for medium-range order in a-Si. 

Phillips noted that random networks with an average coordination of over 2.4 were 

overconstrained. He suggested that such an infinite a bonded network would not be able 

to relieve strain throughout the network entirely by bond angle distortions. Instead, the 

strain is relieved by forming islands surrounded by intrinsic dangling bonds. The majority 

of these dangling bonds would reconstruct into weak bonds, leaving islands surrounded by 

a weakly bonded, defective surface. This model is modified to include the n bonding for 

a-C. In the a-C network, there are now two mechanisms to relieve strain, either by 

breaking a bonds or by breaking n bonds. The latter mechanism requires less energy. That 

the strain is relieved abrutly at the island edges is believed to maximize the n bonding 
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energy. The interaction energy between neighboring n orbitals varies with dihedral angle 

as cos(l). The n bonding energy is maximized by having almost all the n orbitals aligned in 

islands with (|) « 0, and then having a complete break in the n bonding at the island edges, 

rather than having a broad distribution of ((). The n bonding can be broken at the island 

edges either by the presence of sp̂  sites or by aligning the sp̂  sites with (j) ~ 90°. The n 

bonding is then contained within the island. 

1.3.3 Electronic structure 

Amorphous carbon contains both sp̂  and sp̂  sites. The sp̂  sites form a bonds and 

the sp sites form both a bonds and n bonds. As usual, the a states form the backbone of 

the random network, because their energetics are local and follow a valence force field 

model of bond-stretching and bond-bending forces. The n states are more weakly bound 

and often delocalized. So the n states lie closer to the Fermi level Ep than the a states as 

shown in Figure 1.6. The filled n states form the valence band and the empty n* states for 

the conduction band in all amorphous carbons. Therefore they control the electronic 

properties like the band gap. The band gap of a-bonded systems like a-Si is given by the 

c-c* gap and this depends mainly on short-range order, such as the coordination number, 

the bond length and the bond angle. The band gap of 7C-bonded systems depends mainly on 

the medium-range order or the degree of clustering [26]. 

According to Robertson [26], the n bonds favor the segragation of sp^ sites into 

clusters, embedded in a sp̂  bonded matrix. The band gap varies with the size of cluster. In 
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general, the band gap decreases as the cluster size increases. Figure 1.7 [38] shows the 

band gap of compact and acenic aromatic clusters as a function of the number of rings, M. 

The gap of compact clusters declines slowly and irregularly with M, and is given by the 

following approximate relation 

E^ « - 4 ^ « -4=eV « —eV (1.2), 
yfM yfM L^ 

where >9=-2.9eV, is the Huckel parameter and La(A) is the cluster diameter or in-plane 

correlation length. The gap of acenic clusters falls off more rapidly, and can be 

approximated by 

£ « — T^V (1.3). 
' (M + 2.16)' ^ ^ 

These equations reflect the quantum confinement of the n states in their clusters. A range 

of cluster sizes is expected in any sample. This implies a distribution of Eg values of the 

clusters. Thus the Eg value obtianed from the optical absorption or Tauc equation 

represents an average value of this distribution and not the real energy spacing between 

the conduction and valence band [39]. The typical optical gaps of a-C:H are found to be 

1-3 eV and those of evaporated and sputtered a-C are found to be 0.4-0.7 eV. 

As mentioned in the last section, the mobility gap Efj and optical Tauc gap Eopt are 

roughly the same for a-bonded systems because the electronic properties are controlled by 

the short range order. For the 7t-bonded systems like a-C, the optical and mobility edges 

are quite different because the electronic structure also depends on the medium range 

order. The presence of sp -bonded clusters in a-C creates large fluctuations in the local 
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band edges [40]. These will cause strong localization of states around the gap, particularly 

in a-C:H which has a similar proportion of sp̂  and sp̂  sites. A schematic band diagram of 

a-C:H is shown in Figure 1.8 (a) and the corresponding density of states is shown in 

Figure 1.8 (b) [7]. The sp̂  hybridized n states lie symmetrically about midgap and their 

local optical band gaps vary inversely with cluster size. The gap of the sp̂  hybridized a 

phase is over 6 eV. It acts as a tunnel barrier between each n cluster and tends to localize 

71 states within each cluster [7]. So, the optical band edges will depend primarily on the 

cluster size distribution, whereas the mobility edges will depend strongly on the width of 

the sp̂  barriers. Widening the barriers will tend to move the mobility edges further into the 

bands. Thus E"̂  will be greater than Eopt for the n states of a-C:H. This result is in contrast 

with the case of a-Si :H. 

Since a-C contains both a and n bonds, its defect configurations are more 

complicated than those of a-Si [26]. The principal defect in a-Si is the dangling bond, a 

trivalent Si site, which is formed by breaking a a bond. A defect in a-C can be formed by 

breaking either a a bond or a 7C bond. Since n bond is weaker, n defects will predominate 

because of their lower creation energy. Therefore, a defect in a-C will be any configuration 

of 7C states which gives a state near midgap. Therefore, any cluster with an odd number of 

n states is a paramagnetic defect because it gives a state near E = 0, which is half-filled. 

The simplest aromatic defect is a cluster v t̂h three fused rings and the simplest olefinc 

defect is a row of three n sites. The tail states are associated with n states of the large 
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clusters. A dangling bond in a-C is defined as an isolated trivalent site [26] and has n 

character. 

1.3.4 Role of hydrogen in a-C:H 

The role of hydrogen in a-C:H is primarily to saturate n bonds, converting sp^ sites 

into sp̂  sites, because the reaction 

=C=C= + H2 -^ =CH-CH= (1.4), 

is exothermic. The incorporation of hydrogen into a-C films tends to increase the optical 

gap. From the stand point of the cluster model, the effect of hydrogen on the band gap is 

the result of the reduction of sp sites. The reduction of the sp fraction will tend to reduce 

the size of the sp clusters and thereby increase the band gap. The incorporation of 

hydrogen into a-C films also lowers the density of carbon films [41] due to the reduction 

of cross linking and the average coordination number. 

On the other hand, the deposition or annealling of a-C:H above about 300°C 

causes a decline in hydrogen content, an increase in sp fraction and a closing of the 

optical gap. Dischler et al. [42] studied these changes with annealling for a hard a-C:H 

film deposited at a bias of 1 kV. They found that H begins to evolve at 300°C while the 

sp^ fraction begins to increase at 400°C. The sp̂  fraction reaches almost 100% by 600°C, 

where the gap has closed. The temperature induced graphitization was also observed by 

other groups [43-48]. 
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In summary, the properties of a-C:H depend mainly on the composition of sp̂ /sp̂  

ratio and hydrogen content. By changing the depostion conditions, these two parameters 

can be easily controlled, hence the properties of the film. Our choice of a-C:H films as the 

candidate dielectric for antifiise devices comes from two primary reasons. One is the 

unique properties of this material, which can be controlled easily. The other is the idea that 

the heat generated during programming the a-C:H antifuse might convert this material into 

graphite which is the most stable allotrope of the carbon phase. This will help improve the 

ON-state reliability of the antifiise. 

1.4 AntifiisesforFPGA 

1.4.1 Whv antifiise? 

Through the years, the design of digital logic circuits has evolved from working 

v^th small-scale integrated circuits (IC) containing discrete gates to use of large-scale and 

very-large-scale ICs (VLSI) containing many thousands of gates. Today, gate arrays with 

over 100,000 usuable gates and propagation delays well below 1 nsec are now available 

[49]. However, gate arrays require a customized mask for the metal wiring, and hence 

take weeks to months for reticules to be designed and for silicon to be processed using a 

specific design. The advent of field programmable gate arrays solves this problem. 

Wherever a design uses a substantial amount of small- and medium-scale ICs there exists 

the potential for an FPGA to provide a faster, more compact, more reliable solution. 
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An FPGA consists of an array of logically uncommitted elements that can be 

interconnected to performa specific application. There are three important elements that 

characterize any FPGA architecure: internal building blocks (logic modules), interconnect 

between the logic modules and switching elements. The internal building blocks are the 

basic elements of an FPGA. Each building block is configurable to perform a logic 

function. The complexity of the logic function that can be implemented depends on the 

capacity of these building blocks. When necessary, two or more of these logic modules 

may be connected to perform the desired logic function. The interconnection between the 

logic modules is provided by channels of wiring segments between the rows and columns 

of the logic modules (Figure 1.9). The vertical and horizontal wiring segments are 

insulated from one another. They are connectable at each crossover through switching 

elements. The average designers might be familiar with the functionality of the logic 

modules and the interconnects between them. But what often gets ignored in some design 

environments is the choice of the switching elements in their FPGAs. However, switching 

elements are actually the driving force in determining the choice of logic modules and their 

interconnect for FPGA designs. 

There are two kinds of switching elements. One is the memory-driven transistor 

switch and the other is the physical-change structure. With memory driven 

interconnections, an EPROM or SRAM cell provides a signal that controls a pass 

transistor. When turned on, the transistor provides a signal path between the trace 

segments it bridges. When off, it isolates the two. By programming the memory cells, the 

user establishes logic circuits. However, the significant resistance and capacitance of the 
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switch transistor and the large area of the SRAM or EPROM cell controlling it constrain 

the design of the routing architecture and the performance of the circuit. 

Fuses and antifiises are the members of physical-change structures. The fuse is a 

conducting metal filament that is destroyed when subjected to excessive heat or current, 

creating an open circuit. Fuses have been used for years as programming elements for 

memories and simple programmable logic. However, they are not suitable for FPGAs 

because of the many potential connections. A fuse-based programmable gate array would 

need to start out with all possible connections among the logic elements. Then the user 

would remove all the unwanted connections for a specific design. However, a 

programmed gate array typically uses only 2% of its possible connections [50]. Therefore, 

the fuse-based programmable gate array is highly inefficient. 

In contrast to the fuses, the antifiise is a non-conducting circuit element that 

becomes conducting following application of a programming voltage and current across its 

terminals. Configuring an antiflise-based FPGA, therefore, requires programming only 

those connections that are desired. Of all the structures mentioned above, the antifuse is 

the most efficient in the use of the die area. An antifiise typically consists of a thin 

insulating layer between contact points. It irreversibly becomes conducting under 

application of high voltage. Once it becomes conducting, the antifiise's terminals melt 

together and form a permanent conducting channel through the insulation layer. This 

channel is typically a tenth the size of the tracks being connected. Thus, the antifuse can 

occupy the space between metal traces, allowing the antifuse to be plcaed at every 
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potential connection point without affecting the die size. In addition to die area 

advantages, the antifiise provides a connection with lower resistance and capacitance than 

the pass transistors. Lower resistance and capacitance results in smaller propagation 

delays and faster overall circuits. 

1.4.2 Structures of antifiises 

There are two types of commercially produced antifiises: the amorphous silicon 

antifuse and dielectric antifiise. In 1988, Actel Corporation introduced the first antiflise-

based FPGA [49]. The Actel's antifiise, called PLICE (programmable low-impedance 

circuit element), uses polysilicon as one of its electrodes, and a diffiised n̂  silicon region 

as the second electrode. A layer of oxide, nitride, and oxide (ONO) of 120 A thick is 

sandwiched between these two electrodes (Figure 1.10). In its unprogrammed state, the 

antifuse has a resistance > 100 MQ. When a programming voltage of 16 V is applied, the 

dielectric layers melt, allowing current to begin flowing across the ONO layer. The current 

flow stimulates epitaxial crystal growth from the n̂  layer into the polisilicon, shattering the 

ONO layer. Excess dopant from the n̂  layer migrates into this crystal. The result is a low 

resistance hemispherical crystalline dome between the two electrodes. For a programming 

current of 5 mA, the ON-state resistance is about 600 Q. This type of antifuse structure 

has been successfully incorporated into a 1.2 (im CMOS process that has been modified to 

include high voltage transistors. However, as CMOS technology is further scaled down to 

the 0.8 \xm regime and below, the requirement of implementing high voltage transistors in 
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the CMOS process to support the high programming voltage becomes more and more 

difficult [51]. Also the PLICE antifuse uses a diffused n̂  region as one of its conductors, it 

needs to be fabricated on the same base layer as the active circuit elements. Therefore, the 

PLICE antifiise comsumes significant amount of die area, and thus limits the density of the 

gates. 

Recently, QuickLogic [1] announced an amorphous silicon (a-Si) antifuse that can 

be constructed on top of the logic modules between two of the metal interconnect layers. 

Between the metal and the amorphous silicon lies a layer of barrier metal. The barrier 

metal prevents the metal layers from migrating into the silicon under normal operating 

voltages (Figure 1.11). Application of 15 V programming pulse causes a phase change 

within the amorphous silicon. A filament of a complex mixture of silicon and metal forms 

between the metal layers, acting as the conducting path. The lower ON-state resistance 

and small size of this metal/a-Si/metal antifiise, with an innovative logic cell design, 

resulted in an FPGA with very high speed (excess of 100 MHz), high density and low 

power consumption. However, the a-Si antifuse is not reliable under high current 

operation. The current stress can cause the filament to crack or to electromigrate if the 

current is too great. The result is a jump in resistance of the programmed antifuse. To 

avoid this problem, the operation current must be chosen such that it is well below the 

programming current level [49]. This certainly limits the speed of the circuit. Also, high 

leakage current of a-Si through an unprogrammed device will limit the number of antifuses 

on a given chip, because of standby current limitation. 
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1.4.3 Requirements of antifiises 

When evaluating an antifiise for FPGA applications, there are many factors to be 

considered. Low ON-state resistance and capacitance values are among the primary 

consideration of a good antifiise. The greater the capacitance in a circuit, the more drive 

current the circuit requires to quickly shift logic states. However, the connection's 

resistance attenuates the drive signal. Thus the combined effect is to slow the propagation 

of the signals through the circuit. This is also the so-called RC delay, which limits the 

clock frequency the logic can use. 

Another factor needs to be considered is the leakage current. Leakage current is 

the current passed through the unprogrammed antifuse device under normal operation 

voltage stress. Because there are many antifiises on a chip, leakage currents can amount to 

a considerable power consumption. For example, a 10 nA leakage current in each of the 

typical 750,000 antifuses on a large FPGA would waste 7.5 mA. Programming voltage 

and current are also important factors. Programming voltage is the voltage used to tum on 

an antifuse device. Obviously, programming voltage must be equal or greater than the 

breakdown voltage of the insultion layer. Programming current is the current passing 

through the antifuse device when the antifiise is programmed, or turned on. The higher the 

voltage and current needed, the larger the drive transistor must be and the greater the chip 

area occupied by programming circuits. 

Another factor to consider is cost. The a-Si antifiise has the advantage that it can 

be placed between two metal layers. The silicon can be devoted to logic circuits rather 
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than reserving an area for interconnect channels. The result is a smaller, therefore cheaper, 

device for a given gate count. It is possible to fabricate a PLICE-style antifuse between 

metal layers using polisilicon between the metal layers and the antifuse. The added process 

cost would outweigh the size-reduction savings. 

Finally and also the most important factor is the reliability of the antifuses. An 

antifuse is useless if it is not reliable. Evaluating the reliability of an antifuse is an involved 

task. The design must pass tests that accelerate its possible failure modes. Such tests 

include voltage stress and temperature stress of both programmed and unprogrammed 

antifiises. 
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CHAPTER II 

EXPERIMENTAL DETAILS 

2.1 Deposition of Amorphous Carbon Films 

2.1.1 Introduction 

Amorphous carbon (a-C) and hydrogenated amorphous carbon (a-C:H) films can 

be prepared by a variety of methods, such as ion beam deposition [1], mass-selected ion 

beam deposition (MSIB) [2], rf sputtering [3], magnetron sputtering [4], Plasma 

Enhanced Chemical Vapor Deposition (PECVD) [5], electron cyclotron resonance (ECR) 

plasma deposition [6] and laser plasma deposition [7]. Although a broad spectrum of film 

properties exists due to such a variety of techniques, it is generally agreed that the film 

properties mainly depend on the ion bombardment energy independent of the method 

used. The properties of a-C and a-C:H tend to pass through regimes as a function of ion 

energy [8,9]. Figure 2.1 [8] shows the schematic variation of bonding character on ion 

energy during deposition for a-C and a-C:H. For unhydrogenated a-C, it is essentially 

graphitic at low ion energy (< 20 eV). It changes to hard a-C or DLC at moderate ion 

energy (20-500 eV). Then it becomes less hard again at very high ion energy (>500 eV) as 

it adopts a highly disordered, defected graphitic structure. Similar ion energy ranges were 

observed for a-C:H. At low ion energy (<50 eV), a-C:H is soft and polymeric due to the 

predominance of =CH2 groups and high hydrogen content. It changes to hard DLC at 

moderate energy (50-500 eV) as its hydrogen content drops. Finally it becomes soft 
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46 



graphitic a-C:H at high ion energy (>500 eV). It seems that medium energy of 20-500 eV 

promotes sp bonding. One of the most popular deposition methods of a-C:H is rf plasma 

deposition (PD). A number of hydrocarbon source gases, such as methane, acetylene, 

butane or benzene, have been used. The properties of the a-C:H depend primarily on the 

source gas and the self-bias voltage Vb, which is a measure of the average ion energy. 

Figure 2.2 [10] shows the bias voltage dependence of H content, density and band gap for 

PD a-C:H deposited from methane, acetylene and benzene. The H content and band gap 

of these a-C:H depend in the same way on Vb for each gas, while the density varies with 

both Vb and gas. The position of maximum density depends on source gas. The bias 

vohage of maximum density for CH4, C2H2 and Ceih occurs at 300 eV, 500 eV and 1200 

eV respectively. 

Robertson [10] proposed a deposition mechanism to explain the above 

phenomenon. For unhydrogenated a-C, the deposition mechanism involves the 

"subplantation" of incident ions [11-14]. Incident ion with sufficient energy can penetrate 

the surface layer and enter an interstitial site, thus increase the local density. Ion 

penetration can occur in two ways as shown in Figure 2.3 [10]. One way is that the ion 

can pass directly through the surface layer and sit in an interstitial position. The other way 

is that the ion penetrate the surface layer by displacement of an atom in the first layer. 

Either way requires a threshold energy to penetrate the surface. The threshold energy is of 

the order of 20 eV. Ions with energies lower than the threshold energy cannot penetrate 

the surface and just stick to the surface, forming sp̂  carbon of low density. Ions with very 
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high energy can penetrate further into the solid and increase the density in deeper layer. 

However, only threshold energy is consumed in the penetration. The rest of the energy is 

dissipated locally as heat quite rapidly in about lO'̂ ŝ, causing the so-called "thermal 

spike" [13]. The thermal spike allows the excess density to relax back towards that of sp̂  

a-C in a much similar manner as the temperature-induced graphitization. The relaxation of 

density has been described by the thermal spike model by Seitz and Koehler [15]. 

For a-C:H, incident ions have two effects. One effect is the dehydrogenation of a-

C:H by the preferential displacement of H atoms, because H is univalent and relatively 

weakly bound. The liberated H atoms recombine to form H2 molecules which effuse from 

the film as shown in Fig. 2.4 (a) [10]. Therefore H concentration decreases with ion 

energy as shov̂ oi in Fig. 2.4 (a). The other effect is the subplantation which occurs in 

exactly the same manner for the C-C skeleton of a-C:H as in unhydrogenated a-C. 

Subplantation will compress the C-C skeleton into a denser phase and raise the sp̂  

fraction as shown in Fig. 2.4 (b) [10]. However, thermal spike caused by high ion energies 

will cause the retained H to reform C-H bonds afterwards, resulting in soft a-C:H 

containing mostly polymeric (CH2)n groups. Only ion bombardment with medium energy 

which produces the quaternary C (the unhydrogenated sp C) can give hard diamond-like 

a-C:H. 

While the degree of ionization in the plasma can be high, the degree of 

decomposition of the source gas is relatively low. Thus the predominant ion species in 

CH4, C2H2 and C6H6 plasmas are CH4\ C2H2\ and C6H6̂  ions, respectively [16, 17, 18]. 

In another word, Cn plasma produces mainly Cn̂  ions. On impact, such ions will dissociate 
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into n separate C"̂  ions, and the ion energy will distribute equally among these n daughter 

ions, giving each roughly an energy E/n. Thus we expect to see the bias voltage of 

maximum density for CH4, C2H2 and CeHe roughly scales as n. 

According to Robertson's cluster model, the band gap depends on the sp̂  site 

fraction and their clustering [19]. sp̂  sites are formed mainly by thermally activated 

elimination of H through the reaction in Fig. 2.4 (a). The sp̂  sites are likely to cluster 

during the thermal spike which covers a region of order of 10 A. The spike zone of all 

daughter ions of any incident Cn̂  ion will overiap. Thus, clustering will scale to the total 

energy of all daughter ions, i.e., the actual incident ion energy. Therefore, we expect that 

properties depending on the sp̂  sites, such as band gap, to be independent of the source 

gas. 

2.1.2 Fundamentals of plasma and glow discharge 

Before the description of the deposition systems we used to prepare a-C:H films, I 

would like to introduce the basic concepts of plasma and dc and rf glow discharge. 

A plasma is a partially ionized gas containing an equal number of positive and 

negative charges, as well as some other number of non-ionized gas particles. An important 

parameter of a plasma is the degree of ionization, which is defined as the fraction of the 

original neutral species which have become ionized. For a weakly ionized plasma, in which 

the ionization ratio is less than unity, the large population of neutral species dominates the 

behaviors of the plasma. In a fully ionized plasma, in which the ionization ratio approaches 
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unity, neutral particles play little or no role. Other important concepts are the plasma 

density, ion energy, plasma potential and self-bias. The plasma potential is the potential of 

the glow region of the plasma, which is normally considered nearly equipotential. It is 

always positive with respect to any surface in contact with the plasma, because the 

mobility of free electrons in the plasma is much greater than that of ions and, 

consequently, the initial electron flux to all surfaces is greater than the ion flux. Self-bias 

will be discussed later. 

To form and sustain a plasma requires some source of energy to produce the 

required ionization. The plasmas we consider here are initiated and sustained by electric 

fields which are produced by either dc or ac power supplies. Typical ac frequencies are 

100 kHz, at the low end of the spectrum, 13.56 MHz in the radio frequency (rf) portion of 

the spectrum, and 2.45 GHz in the microwave region. These plasmas are often referred as 

electric discharges, or glow discharges because they emit light. 

To illustrate the basic idea about glow discharge, we begin with the simplest dc 

glow discharge. Fig. 2.5 shows a simple dc diode type system that can be employed to 

study the properties of glow discharges used in sputtering. It consists of a glass tube 

which is evacuated and then filled with a gas, for example argon, at low pressures. Within 

the tube there are two electrodes, a positively charged anode and a negatively charged 

cathode, between which a dc potential difference is applied. When a very high dc voltage, 

say 1.5 kV, is applied between the cathode and anode, a free electron, which is most likely 

created from the ionization of an argon atom by a passing cosmic ray, will be accelerated 
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by the electric field. After traveling a mean free path, the accelerated electron will collide 

with an Ar atom. Most electron-atom collisions are elastic, which means no energy is 

transferred between the electron and gas atom, because of the very light mass of the 

electron compared to a gas atom. If the electron travels long enough, which is about ten 

times the mean free path, the electron will pick up enough energy to cause an inelastic 

collision, in which significant energy is transferred to the atom by the excitation of an 

atomic electron to a higher energy level or by ionization. If the transferred energy is less 

than the ionization potential, the orbital electron will be excited to a higher energy state 

for about 10 ns, and then return to the ground state with the emission of visible light 

photons. Such excitation is the source of light emission in glow discharges. If the 

transferred energy is greater than the ionization potential, a second free electron will be 

created. Subsequently, both free electrons will be accelerated again, leading to a 

multiplication of the number of electrons. If the number of electrons generated by 

multiplication is great enough, gas breakdown occurs. The breakdown voltage, VB, 

depends on the pressure, P, and the electrode spacing, d, as shown in Fig. 2.6 for Ar gas 

[20]. Analytically, VB can be expressed as [20] 

V, = A(Pd)/(C + \niPd)) (2.1), 

where A and C are constants which depends on the gas. The minimum breakdown voltage 

is called the Paschen minimum. When a sufficient number of electrons are available to 

maintain the discharge, the discharge is said to be self-sustained. The source of such 

electrons is the cathode, which emits secondary electrons when struck by ions. 
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A self-sustained discharge comprises a number of distinct regions as shown in Fig. 

2.5. The most important region of the discharge is the Crookes dark space (also called 

cathode sheath) between the negative glow and the cathode. The Crookes dark space is 

the results of the difference in mobility of electron and ion. Any electrons near the cathode 

are rapidly driven away due to their relatively light mass. Therefore, the concentration of 

ions in the dark space is greater than that of electrons. As a result, the electric field 

immediately in front of the cathode is greatly increased. The electric field in the rest of the 

discharge is rather low and uniform. The greatest part of the voltage between the anode 

and cathode thus dropped across the Crookes dark space. Therefore charged particles 

experience their largest acceleration in this region. When electrons collide with gas atoms 

in the dark space, they are more likely to cause ionization, rather than excitation events. 

Thus the luminosity of the dark space is reduced. And that is why it is called dark space. 

When positive ions from the negative glow region enter the Crookes dark space, 

they are accelerated by the strong local electric field toward the cathode. On the way, 

some of the energetic ions may transfer energy to neutral atoms. Therefore, the cathode is 

bombarded by energetic ions as well as energetic neutral atoms [21], producing sputtering 

events. The cathode emits secondary electrons when struck by ions. When these secondary 

electrons enter the dark space from the cathode, the electrons are accelerated by the dark 

space field toward the anode. Upon colliding with atoms in dark space, they cause 

ionization and are slowed down. After slowing down, these electrons are more likely to 

cause excitation when colliding with Ar atoms. The luminosity starts to increase and the 
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negative glow region begins. The width of the dark space depends on the pressure. As the 

pressure is reduced, the mean free path increases. So the emitted electrons travel a longer 

distance before colliding and becoming slowed. Consequently, the dark space lengthens. 

Descriptions of the Faraday dark space and the positive column will be omitted, 

because they are not important in most practical sputter deposition systems. If the anode is 

gradually moved closer to the cathode, the positive column, the Faraday dark space and a 

substantial fraction of the negative glow disappear. Such a glow is called an obstructed 

glow. In most practical sputter deposition systems, the glow is obstructed in order to most 

effectively collect the sputtered material onto the substrate. On the other hand, if the 

anode gets too close to the cathode such that the distance between the cathode and anode 

is less than the width of the Crookes dark space, discharge can not be sustained, hence no 

sputtering. To insure sputtering at the front side of the target, a shield of metal at the same 

potential as the anode is placed at a distance less than the Crookes dark space at all 

unwanted cathode surfaces. Such shielding is termed dark-space shielding. 

Dc sputtering systems are usually employed to sputter metals. However, they are 

not suitable to sputter insulators or dielectrics, because a glow discharge cannot be 

sustained. When the cathode is bombarded by ions, an electron is stripped from the 

cathode each time an impinging positive ion is neutralized. If the cathode material is a 

conductor, such electrons can be replenished by electrical conduction. If the cathode 

material is an insulator, the electrons lost from the surface cannot be replenished. Thus, 

the front surface accumulates positive charges which repel positive ions from coming 
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further toward cathode. As soon as the surface acquires enough charges (in about 1-10 

(is), the discharge extinguishes. 

To overcome this drawback of dc diode systems, an ac power supply is used to 

provide a mechanism of replenishment of such lost electrons to the insulator surface. 

When an ac signal is applied to the electrodes, positive ions from the discharge are 

accelerated toward an electrode when it is subjected to the negative-bias portion of the 

waveform. In steady-state conditions, the positive charge at the target surface 

accumulated during the negative part of the cycle, is replaced by impinging electrons 

during the positive part of the cycle. The net surface charge accumulated during each 

complete cycle of the waveform is zero, and the lost electrons are thus replenished. As 

pointed out earlier, the time required to sufficiently charge the insulator surface to 

extinguish the glow discharge is only 1-10 |is. Thus, in order to sustain the discharge, an 

ac signal with a minimum frequency of 100 kHz must be applied to the electrodes. In 

practice, most ac glow discharges are operated at 13.56 MHz, which is in the radio 

frequency range, hence the name rf sputtering. The 13.56 MHz is utilized because it is 

designated by international communication authorities so that it will not interfere v t̂h 

other radio transmitted signals. 

In rf sputtering system, an electric field in front of the target accelerates the glow 

discharge ions to sufficient energy to produce sputtering. Such an electric field is known 

as self-bias. Self-bias is the result of the much greater mobility of the electrons compared 

to the ions. To illustrate this idea, let us examine the events that occur when the rf signal is 
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initially applied to the insulating electrode (Fig. 2.7 [21]). When the rf power is turned on 

(t=0), the electrode surface contains no charge. During the positive part of the cycle, the 

electrode attracts and collects electrons. During the negative part of the cycle, the 

electrode attracts positive ions from the discharge to strike the electrode and leave behind 

a positive charge on the surface as electrons are removed. Because the mass of the 

electron is much smaller than that of ions, the electric field accelerates them more rapidly 

to the electrode surface. At the end of the first complete cycle, more electrons are 

collected at the electrode than ions, and thus the electrode surface has a net negative 

charge. As more cycles transpire, the negative charge continues to build up. However, 

these negative charges also have an effect of repelling some electrons during the positive 

half cycle, and attracting positive ions more strongly during the negative half cycle. As a 

result, a steady state is finally reached, in which an equal number of positive ions and 

electrons strike the electrode during each complete cycle. The average charge built up on 

the electrode during the first few cycles is negative, and remains constant under steady 

state condition. The negative self-bias voltage is also called sheath voltage. If the potential 

difference between the discharge (i.e., the plasma potential) and the self-biased electrode is 

sufficiently large, ions will be accelerated strongly enough to cause sputtering at the 

electrode. 

If the rf power is applied to two symmetrical electrodes, sputtering can occur on 

both electrodes, which is undesired. To restrict sputtering to the target electrode, it is 
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necessary to make the electrodes of unequal area. If two electrodes have different surface 

areas Ai and A2, it can be shown that the sheath voltages Vi and V2 next to the electrodes 

are related by [21] 

V A 
—=i—y (2.2). 
V, ^A/ 

Thus, the larger sheath voltage will develop at the electrode having the smaller area. To 

restrict sputtering to the target electrode, the target electrode is made smaller. 

The self-bias voltage, Vb, depends on rf power, W, and operating pressure, P, as 

[22,23] 

IV 
K = kijY" (2.3), 

where k depends on factors such as the electrode areas. The ion energy, Ei, depends on 

self-bias voltage Vb and the ion mean free path in the sheath. At low pressures in the 

absence of collisions, 

E, « V, (2.4), 

while at higher pressures, there is a spectrum of ion energies with a mean value of 

E,^k'^ (2.5), 

or about Ej* 0.6Vb for typical pressures of 3 Pa [16]. 

In the following sections, the three deposition systems we used to prepare our a-

C:H samples will be described. 
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2.1.3 rfReactive Sputtering Svstem 

The rf reactive sputtering system is shown in Figure 2.8. The deposition of a-C:H 

films is achieved in the working chamber, which consists of two electrodes separated by a 

certain distance. The top electrode is the cathode, the bottom the anode. The carbon 

target is placed on the cathode, and the substrate on which the film is deposited is placed 

on the anode. For the rf sputtering system, the chamber is filled with sputtering gas, 

typically Argon gas at certain pressure, say 0.1 Torr. The glow discharge is maintained 

under the application of rf power between the electrodes. Rf power is applied to the 

cathode through a matching network. The Ar* ions generated in the glow discharge are 

accelerated toward the cathode and sputter the target resulting the deposition of the thin 

film on the substrates. This system can also be used as a reactive sputtering system. For 

the rf reactive sputtering system. Argon gas is replaced by the reactive gas, such as 

hydrocarbons. In our system, butane (C4H10) is used as the reactive gas. In the glow 

discharge, butane is decomposed into CnHn radicals and ions. The ions will sputter the 

carbon target. The carbon film deposited is the condensation of carbon atoms, CnHm 

radicals and ions. 

2.1.4 PECVD Svstem 

Amorphous carbon films and their alloys (a-C:H,N,F) are produced by rf PECVD 

system at the University of Arkansas. 
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Figure 2.8: Schematic of the rf reactive sputtering system. 
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Chemical vapor deposition (CVD) is a material synthesis process in which the gas 

species react at a heated surface to form a thin film. The CVD process requires high 

temperature to provide the energy necessary to surmount the activation energy barrier for 

the reactions to take place. Thus, this process is also called thermal CVD. Though thermal 

CVD is simple and has been used in IC fabrication for years, the requirement of high 

temperature is a drawback because high temperature can damage the substrates, especially 

metallized ones. To solve this problem, an additional source of energy is needed to break 

CVD reactants into fragments that can react at substantially reduced temperatures. Under 

this condition, the process becomes an "enhanced" or "assisted" CVD process. In PECVD 

process, the additional source of energy is provided in the form of rf plasma. The chemical 

effects of the plasma allow the reactions to proceed at much lower temperatures. 

Fig.2.9 shows the schematic of the reactor system. This reactor is a parallel-plate 

capacitively-coupled, 13.56 MHz, inward radial flow Reinberg type reactor (Texas 

Instruments Model A24C). The plasma is generated between the two parallel, circular 

electrodes. The constant power level during deposition is maintained by the equipped 

automatic/manual power sensing and tuning circuits. Substrates are loaded on the bottom, 

electrically grounded electrode which is made of hard anodized aluminum. Substrates can 

be heated by a contact heater and the substrate temperature can be sensed and controlled 

by a thermocouple and a temperature controller. The rf power is applied to the top 

electrode, which is of bare aluminum, through a matching network. The precursor gases 

are introduced into the chamber from the periphery of the bottom electrode. The gases 

65 



Insulated rf Input Wafers 

Heated 
Sample 

Gas Holder 
Inlet Pump 

Glass 
.^Cylinder 

Aluminum 
Electrodes 

Gas 
Inlet 

Figure 2.9: Schematic of the rf PECVD reactor system. 
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flow radially inward over the substrates in the reaction zone and are exhausted through a 

pumping port at the center of the bottom electrode. Gas flow is controlled by electronic 

mass flow controllers. 

For the a-C:H films being studied, the primary reactant gas was electronic grade 

methane (CH4). To make a-C:H,N,F films, nitrogen trifluride (NF3) and/or nitrogen (N2) 

were introduced. 

2.1.5 Electron Cyclotron Resonance Deposition System 

In this work, a linear microwave electron cyclotron resonance (ECR) plasma 

system is also used to produce diamond-like carbon (DLC) films. 

I will begin with the basic theory of ECR plasma deposition of thin film. When the 

gas reactants are introduced into the discharge chamber, there always exist a small number 

of electrons and ions due to thermal energy or passing cosmic ray. If a magnetic field B is 

applied, these charges will move in a spiral orbit along the direction of B if the parallel 

velocity of particle is not zero which is true for most cases. The frequency of rotation of a 

particle in a magnetic field is called the cyclotron frequency and is given by 

t y c = — (2.6) 

m 

where q and m are the charge and mass of the particle, respectively. For most commonly 

used magnetic field of 875 G, the electron cyclotron frequency is 2.45 GHz, which is in 

the microwave region. Therefore, in the ECR system, a microwave excitation source is 

used to provide the energy for the plasma. 
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When the electron cyclotron frequency in a magnetic field (fî ce) equals to the 

microwave excitation frequency (co), ECR plasma absorption (resonance) occurs. As a 

consequence, the electrons absorb energy from microwave. The electrons accelerated in 

the discharge volume in tum ionize and excite the neutral gas. This results in a low 

pressure, almost coUisionless plasma that can be varied from a weakly to highly ionized 

state by changing discharge pressure, gas flow rates and input microwave power [24]. 

The high density plasma is confined by a dual magnetic mirror configuration. 

The chemically reactive species produced by the plasma then diffuse downstream to 

the substrate and condense to form thin film. The quality, morphology, structure and 

deposition rate are affected by the microwave power, deposition pressure, substrate 

temperature and electrical bias. 

A schematic diagram of the ECR plasma deposition system is shown in Fig.2.10 

[25]. This ultra-high vacuum system is made entirely of stainless steel that is maintained by 

the pumping system. The discharge chamber is located between two sets of magnet coils. 

The coil current is supplied by a Hobart type M-600 dc motor-generator arc welder. 

During operation, a 300 A current runs through the magnet coils to provide a magnetic 

field of 875 G. Microwave power is generated by a 2.45 GHz continuous-wave power 

source with a Matsushita 2M137 magnetron. The incident microwave power is regulated 

by an attenuator consisting of a three-port circulator and a dummy load. The incident 

power can be varied continuously up to 1 kW. Microwave power is introduced into the 

discharge chamber via a rectangular waveguide and quartz vacuum window. The 

69 



microwave mode propagating in the waveguide is TEio mode. A four-stub tuner is used to 

match the ECR discharge load for different discharge conditions. 

The precursor gases, such as methane, hydrogen, helium or diethylesilane, are 

introduced to the discharge chamber and the flow rates are controlled by the MKS mass 

flow controllers. 

The sample holder is located 15 cm downstream from the nearest coil set. An 

electric heater and a thermocouple are placed inside the holder. Also, this system is 

designed to be capable of applying dc and rf bias to the substrate. The substrate is loaded 

in the load lock chamber and inserted to the sample holder by a substrate feedrod. 

The pumping system consists of two sets of vacuum pumps. One set, which is 

composed of a Pfeifer-Balzers turbo-molecular vacuum pump in tandem with a Kinney 

type KTC-21 roughing pump, is connected to the load lock. Two MDC type pneumatic 

gate valves are used to isolate the load lock from the system. This set of vacuum pumps is 

used to pump down the load lock during the sample insertion and extraction. The other 

set, which is composed of a high throughput Kinney type MB403 roots blower in tandem 

with a Kinney type TCS-21 roughing pump, is connected behind the sample holder 

location. This set is operated during film deposition. An MKS type 253 A exhaust control 

valve is located at the input of the roots blower. The deposition pressure is held constant 

during film deposition through an automatic control system. The control system consists 

of an MKS type 390 Baratron gauge and an MKS type 252 exhaust valve controller. The 
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control system automatically adjusts the exhaust valve opening to hold the operating 

pressure at a set-point level. 

2.2 Characterization Techniques 

2.2.1 Fourier Transform Infrared Spectroscopy 

The energy of a molecule consists translational, rotational, vibrational and 

electronic energies. Absorption or emission resulted from the transitions of electronic 

energy levels falls in the ultraviolet and visible regions of the electromagnetic spectrum. 

Pure rotation gives rise to absorption in the microwave or far infrared regions of the 

spectrum. Molecular vibrations give rise to absorption bands throughout most of the 

infrared region of the spectrum. Therefore, infrared spectroscopy is a useful tool to study 

the vibrational frequencies of molecules. 

In the study of molecular vibrations, we can start with a classical model of the 

molecule where the nuclei are represented by mathematical points with mass. The 

intemuclear forces holding the molecule together are assumed to be similar to those 

exerted by massless springs which tend to restore bond lengths or bond angles to certain 

equilibrium values. The possible molecular vibrational frequencies are normal mode 

frequencies. A normal mode of vibrations is defined as a mode in which the center of 

gravity of the molecule does not move, and in which all the atoms move with the same 

frequency and in phase. For a molecule containing n atoms, there are 3n-6 normal mode 

vibrations (3n-5 for a linear molecule). If the forces holding the molecule together are 
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linear functions of the displacement of the nuclei from their equilibrium configurations, 

then the molecular vibrations will be harmonic. When the molecule is irradiated with a 

whole range of infrared frequencies, only those radiation energies with a certain specific 

frequencies which match the natural vibrational frequencies of the molecule can be 

absorbed. 

Some vibrational frequencies are forbidden to appear in the infrared spectrum by 

the action of selection rules. These selection rules are most restrictive for highly 

symmetrical molecules. The general requirement for infrared activity of a vibration is that 

a molecular vibration must cause a change in the dipole moment |i of the molecule. The 

dipole moment is defined as the product of the magnitude of the charge difference and 

distance between the two centers of charge. If no change of dipole moment occurs, the 

vibration is forbidden in the infrared. Of course the molecule can still carry out the 

vibration, but it will not be activated by the absorption of infrared radiation, and therefore 

will not be detected in the infrared spectrophotometer. 

The intensity of the IR band will be proportional to the square of the change in 

dipole moment with respect to the normal coordinate (d\x/dQ) . In quantum mechanical 

terms the intensity of an IR band is proportional to square of the transition moment whose 

X, y, and z components are 

]_^y^fM,y^A ]_^^fMyy^A ]_^y^fM,v^idr (2.7) 

where ^i is the wavefunction of the initial vibrational state and f̂* is the wavefiinction of 

the final vibrational state involved in the transition. The quantities |ix, Hy, and jiz are the 
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components of the dipole moment and dx is the volume element. In order for the transition 

^i -^ ^f to be infrared active, at least one of the above integrals must be nonzero. If a 

molecule has some symmetry, then for certain vibrational symmetry species all three 

integrals may be zero as a necessary consequence of the symmetry. 

Since molecular and vibrational symmetry play a very important role in 

determining the IR activity of vibrations, utilization of the results of group theory is of 

particular value for relatively complex molecules. Before we use the results of group 

theory, we need to introduce the classification of normal vibrations and nomenclature of 

symmetry. Various methods of classifying the normal modes have been proposed. One 

method of classification for molecules possessing an axis of symmetry depends on the 

direction of change of the electric dipole moment of the molecules that accompanies the 

vibration. If the change of the dipole moment is in direction parallel to the symmetry axis, 

the vibration is said to be a parallel vibration. Likewise, if the change of the dipole moment 

is perpendicular to the symmetry axis, then the vibration is called a perpendicular 

vibration. The parallel or perpendicular nature of the vibrations is indicated by use of the 

symbols n and a, respectively. Mecke [27] has suggested another classification scheme. 

He classifies various types of normal vibrations as valence (stretching) vibrations, 

represented by the symbol v, and deformation (bending) vibrations, represented by the 

symbol 6. The v vibrations involve motions in the direction of valence bonds, whereas the 

6 vibrations are accompanied by movements at right angles to these bonds. The stretching 

vibrations can be either symmetric or antisymmetric. If the vibration does not alter any of 
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the symmetry properties of the molecule, it is said to be a symmetric vibration. If the 

vibration is such that the reflection of the molecule in any plane of symmetry results in a 

change of sign of the displacement, the vibration is said to be antisymmetric. The bending 

vibrations can be further classified into four types: scissoring, rocking, wagging and 

twisting. Of the 3n-6 vibrational modes of a molecule containing n atoms, n-1 are valence 

vibrations and 2n-5 are deformation vibrations. As an illustration, the YX2 angular 

molecule is chosen to show the various types of normal vibrations (Figure 2.11). 

Another method for classifying normal vibrations is based on the symmetry 

operations. The letters A and B are used to represent nondegenerate vibrations. Those in 

class A are symmetric, i.e., their sign is unchanged for rotation by 27i/n about the principal 

n-fold axis, while those in class B are antisymmetric for this operation. A numerical 

subscript gives the value of n in each case. Twofold degenerate vibrations are designated 

by the letter E, and threefold degeneracy is indicated by the letter F. If the molecule has a 

center of symmetry, the letters g and u are used as subscripts to indicate that the vibrations 

are symmetric and antisymmetric, respectively, with respect to inversion at the center of 

symmetry. In some cases a single prime is used to indicate that the vibration is symmetric 

upon reflection in a plane perpendicular to the principal axis. A double prime indicates a 

vibration that is antisymmetric for this operation. 

A complete list of the character tables and selection rules for important point 

groups can be found in Table 3.15 in the book written by Colthup, Daly and Wiberley 

[26]. In Fig. 2.12 [27], the normal modes of vibration of some simple molecules are 
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Figure 2.11: Various types of normal vibrations of YX2 angular molecule. 
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Figure 2.12: The normal modes of vibration of some simple molecules. 
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illustrated. The activity or inactivity of the various characteristics of the vibrations are 

indicated in each case. 

The normal mode frequencies of vibration of relatively simple molecules can be 

calculated if the masses, the molecular geometry, and the force constants are given. 

However, as the molecules become more complex, it is difficult to solve the equation 

analytically without approximation. So empirical methods are frequently used. It is found 

empirically that certain submolecular groups of atoms consistently produce bands in a 

characteristic frequency region of the vibrational spectrum. These bands are the 

characteristic group frequencies. In the following paragraphs, we will discuss the 

calculations of normal modes of some groups of molecules. Those formula will be used in 

our IR spectra analysis of a-C:H and its alloys. 

2.2.1.1 Diatomic oscillators 

For a molecule consisting of two atoms with masses Mi and M2, the vibrational 

frequency, v (in sec"̂ ), is given by 

where Mi and M2 are the masses in grams and F is the force constant in dynes/cm. If the 

masses are expressed in unified atomic mass units (u) and the force constant is expressed 

in mdyn/A, the frequency u (in cm'') is given by 

i; = 1303 lFi— + —) (2.9). 
M, M2 
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2.2.1.2 The Linear M1-M2-M3 Model's Stretching Frequencies 

Consider a molecule containing three masses. Mi, M2, and M3, held together in a 

linear configuration. They are free to move only along the model axis. The force constants 

between M1-M2 and M2-M3 are Fi and F2 respectively. For a simple valence force field 

approximation, the interaction (coupling) force constant F12 is neglected. The normal 

mode vibrational frequency is obtained by solving the secular equation 

=0 (2.10) 

where X is related to the vibrational frequency v by the relation v=\303yfX cm'\ 

For a linear M1-M2-M3-M4 model, the normal mode frequency can be obtained by 

solving a 4* rank secular equation similar to Eq. (2.10). 

F, -M,A 
-F, 
0 

F, 
-F, 

+ F,-

-F, 

M^X 

F^ 

0 

-F, 
-M,A 

2.2.1.3 The Bent M1-M2-M1 Stretching Frequencies 

Consider a nonlinear M1-M2-M1 model, in which the force constant between Mi 

and M2 is F, and the bond angle between the two bonds is a (Fig. 2.13). Since the two 

bond oscillators are identical, there are symmetric and antisymmetric bond stretching 

vibrations. If the bending force constant is neglected, the symmetric stretching frequency 

in cm*' is given by [26] 

,.,«^ iT^^ 1 l + cosor. /^ ,,x 
V. = , 3 0 3 J F ( - . - ^ ^ ) (2.11), 

and the antisynmietric stretching frequency is given by [26] 
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Figure 2.13: A nonlinear M1-M2-M1 model. 

79 



Force constants can be calculated on the basis of observed spectra or by quantum-

chemical methods. They are heavily dependent on the definition of the force field used for 

the calculation. However, for estimations of the general behavior of the observed 

frequencies, the simple valence force field is sufficient. Siebert [28] found an equation 

which allows approximate calculation of force constants of any single bond 

F ^ = 7 . 2 0 . % : ^ (2.13) 
nj,ny 

Where Z; are the atomic numbers and n; are the principal quantum numbers of its valence 

electrons. Siebert [28] also describes the relation between the force constant FN of a 

multiple bond of the order N to that of a single bond Fi and the lengths rN and ri of these 

bonds 

N F r F,=^5LA_ZL (2.14) 

As a rough estimate, the force constant of a multiple bond is proportional to the bond 

order, because the difference between the bond length rN and ri are small. 

Although the activity of IR vibrational modes of a molecule is restricted by the 

symmetry of the molecule, there are several cases that can break the symmetry and 

activate the IR forbidden modes. Doping of impurity in the film can possibly break the 

symmetry of the molecules. For example, if nitrogen is incorporated into the carbon film, 

the nitrogen can substitute a few of the perimeter carbon atoms in the graphitic 
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microdomains of the films. With nitrogen in the graphitic structure, the symmetry of the 

rings are broken, and the IR forbidden E2g mode becomes allowed in the plane [29]. For 

amorphous solids, the inherent disorder caused by distortion of bond length and bond 

angle or coordination defects also break the symmetry of vibration. Therefore all 

vibrational modes can have IR or Raman activity [30]. 

IR absorption spectra can provide a wealth of structural information about a 

molecule. The bonding configurations of the constituent atoms can be obtained from IR 

spectra. For a-Si:H and a-C:H films, the hydrogen content and information about Si-H and 

C-H bonding can be obtained by performing IR absorption measurements. For a-Si:H, two 

prominent vibrational modes, located at 2000 cm' and 630 cm"', show up in the IR 

absorption spectrum. The first one is due to a bond stretching mode in which the hydrogen 

moves along the direction of the Si-H bond. The second one is assigned to a rocking 

vibration associated to the two perpendicular bond bending modes. There are some 

weaker absorption features between 800-900 cm"' which originate from Si-Hn (n=2, 3) 

configurations. For a-C:H, the stretching modes of C-Hn (n=l, 2, 3) occur around 3000 

cm"', and the bending modes occurs around 1400 cm"'. The 3000 cm"' band consists of 

many stretching modes originate from sp̂  or sp̂  C-Hn (n=l, 2, 3) depending on the film 

O 'X 

preparation conditions. By deconvoluting these modes, the ratio of sp /sp can be 

obtained. All possible vibrational modes for hard and soft a-C:H have been tabulated by 

Robertson [30]. For convenience, we quote it here in Table 2.1 and Table 2.2. The 

hydrogen content can be calculated from the Si-H stretching band in 2000 cm'' as well as 

from Si-H rocking band in 630 cm"' for a-Si:H films and from the C-Hn stretching band in 
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Table 2.1 C-H IR vibrational mode assignments in a-C:H [30] 
Lines 1-10 are C-H stretch, lines 11-27 are C-H deformation. 

s=stretch, ss=symmetric stretch, as=antisymmetric stretch, 
sd=symmetric deformation, dd=degenerate deformation. 

line 

1 

2 
3 

4 
5 
6 

7 

8 

9 
10 

11 

12 
13 
14 
15 
16 

17 

18 

19 

20 

21 

22 

23 
24 

25 

26 
27 

wavenumber (cm"') 
hard a-C:H 

3300 

3045 

3000 

2920 

2920 

2850 

1440 
1435 
1370 

1290 

1170 

1030 

910 

840 
755 

700 

soft a-C:H 
3300 

3060 

3025 

3000 
2970 
2945 
2920 

2875 
2850 

1490 
1450 
1450 
1445 

1325 
1280 

1180 
1110 

1075 

1030 

910 

840 
755 

700 

700 

700 

assignment 
configuration 

s p ' C H 

arom sp^ CH 

olef sp^ CH2 
olef sp^ CH 

sp' CH3 
olef sp^ CH2 

sp' CH2 
s p ' C H 

sp' CH3 
sp' CH2 

sp' CH3 
olef sp^ CH2 

sp' CH2 
arom sp^ CH 

unassigned 

sp' CH2 
olef sp^ CH 

s p ' C H 

olef sp^ CH2 

sp' CH3 

sp' CH2 

olef sp^ CH2 
olef sp^ CH 
arom sp^ CH 

s p ' C H 

olef sp^ CH2 

sp^ CH2 

symmetry 

A s 

A s 
Bi as 

A s 
E ds 
Al ss 

Bi as 
Al s 

Al ss 
Al ss 

E dd 

Al scissors 
Al scissors 
A bend 

B2wag 
A bend 

E bend 

B2 wag 

E dd 
B i r o c k 

A2 twist 
B bend 
B bend 
E bend 

B i r o c k 

B i r o c k 
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Table 2.2 C-C IR vibrational mode assignments in a-C:H [30] 

line 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

wavenumber (cm"') 

2180 

1620-1600 

1580 

1515 

1300-1270 

1245 

1160 

970 

885-855 

840 

assignment 

sp 

olef sp̂  

arom sp̂  

mixed s p V 

mixed sp /sp 

mixed spVsp' 

sp' 

olef sp̂  

sp' 

arom sp̂  
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3000 cm"' for a-C:H films. It has been shown that the concentration of the oscillating 

species is proportional to the integrated oscillator strength of the absorption band [31], 

i.e.. 

N, = A(^^co (2.15) 
J /it 

where NH is the hydrogen concentration, A is the oscillator strength, a(<y) is the 

absorption coefficient at frequency co. The theoretical value of^ is given by[31] 

A=cn^(jol27i ^e^ (216) 

where c is the speed of light, n is the refractive index and // is the reduced mass e* is the 

effective charge of the oscillating unit. 

Since attempts to obtain A through theoretical analysis were not very successful, A has 

been determined empirically by correlating IR absorbance with H content measurement by 

different methods (e.g., nuclear reaction analysis). For a-Si:H films, the oscillator strength 

for 630 cm"' band is A63o=2.1xlO'̂  cm"̂  [32] and for 2000 cm"'band is A2ooo= 1.4x10^" cm"̂  

[33]. For a-C:H films, the oscillator strength for 3000 cm"' band is A3ooo=l-35x10 '̂ cm"̂  

[34]. 

For all IR measurements in this work, a Perkin-Elmer model 1600 Fourier 

Transform Infrared (FTIR) Spectrometer was used. The model 1600 can give rapid data 

acquisition over a total range of 7800 to 100 cm"', with 4 cm"' resolution and good signal 

to noise ratio. Since quartz or glass is opaque below 2000 cm"', silicon, which is 

transparent to infrared, is used as substrate for IR study. Sometimes, films deposited on 
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metal or metal coated substrates are available. In this case, to measure IR spectra, the 

reflection mode is used. This requires the use of a Perkin-Elmer fixed angle specular 

reflectance accessory. A schematic diagram of the specular reflectance accessory is shown 

in Figure 2.14. This simple device consists of a sample position and two mirrors. One 

mirror focuses the IR beam at the sample; the other collects the reflected radiation. If the 

film is no thinner than the wavelength of the energy used to measure it, and no thicker 

than approximately 50 times that wavelength, the reflection spectrum can be used to 

calculate the film thickness if the refractive index of the film is known or vice versa. The 

formula for this calculation is as follows: 

t = . (2.17) 
2(1^1-t^2)V"'-sin'^) 

where / is the thickness of the film, m is the number of fringes in the frequency interval, Vi 

- V2, n is the refractive index of the film and ^is the angle of incidence, which is 16° for 

this system. 

2.2.2 Optical Absorption 

Optical absorption measurements can give information about optical band gap Eg 

and Urbach energy Eo which is related to the width of the band tails or disorder in the film. 

The optical absorption curves of amorphous materials exhibit three distinct regions, as 

shown in Figure 2.15: a slowly varying region (region A) for a > 10 cm", an exponential 

rise (region B) for 1 cm"' < a < lO' cm"', and a shoulder (region C) for a < 1 cm"'. 
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Figure 2.14: A schematic diagram of the specular reflectance accessory. 
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Figure 2.15: A schematic of the optical absorption curves of amorphous materials. 
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optical transitions between the valence and conduction bands are responsible for 

the optical absorption in region A. Therefore, the optical gap can be deduced from the 

shape of optical absorption in this region. There is no precise location of the gap for 

amorphous materials because the band tail density of states decays continuously with 

energy. So the band gap can only be defined in terms of an extrapolation of the bands. 

Taking this approach, Tauc et al. [35] introduced a simple model for the band gap which 

is given by 

hvaihv) = BQiv-E^y (2.18) 

where a is the absorption coefficient, B is the edge width parameter, hv\s the photon 

energy, and Eg is the optical gap of the sample. From the above equation, the optical gap 

can be obtained by plotting the square root of the product of the absorption coefficient 

and the photon energy versus photon energy. The intercept on the abscissa is obtained by 

extrapolating the linear portion of the plot, yielding the optical band gap. 

The exponential rise in region B reflects the tailing of states into the gap due to 

fluctuations of bond lengths and bond angles [36]. The optical absorption coefficients in 

this region is given by [37] 

a(hv) = a^Qx^[{hv-Ej)l E^] (2.19) 

where Eo is the Urbach energy, and Ei and oco are experimentally determined factors. From 

the above equation, Urbach energy can be obtained from the plot of the absorption 

coefficient versus photon energy in the vicinity of the band gap energy. 
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The origin of absorption in region C is related to midgap defect states. Since the 

optical transitions involving defect states are very weak due to low defect densities as 

compared to the densities above the bands, optical absorption technique can not be used in 

this region due to low sensitivity of this technique. Other highly sensitive techniques, such 

as Photothermal Deflection Spectroscopy (PDS), Photoaccoustic Spectroscopy (PAS), 

and Constant Photocurrent Method (CPM), are employed to provide defect state 

information. 

Optical absorption measurements were carried out using a conventional two beam 

spectrometer (Shimadzu model UV-256). For these measurements, films deposited on 

plain quartz substrates were used along with the reference substrate. The spectrometer 

actually measures the absorbance, A, which is defined by 

A = l o g ^ (2.20) 

where h and / are the incident light intensity and the light intensity transmitted through the 

sample, respectively. The light intensity transmitted through the film follows the Beer-

Lambert's law, which is given by 

/ = V (2.21) 

where / is the film thickness. The absorption coefficient, a, of the film can be obtained 

from the combination of Eqs. (2.20) and (2.21), 

^•InlO .̂  ^ .̂ 
a (2.22). 

89 



2.2.3 Photoluminescence 

Photoluminescence (PL) is a useful technique to study localized states within the 

bandgap of a semiconductor. Therefore, this technique is particulariy applicable to 

amorphous semiconductors such as a-Si:H and a-C:H, since most of the optical and 

electronic properties of these materials are determined by the localized states introduced 

by the intrinsic disorder or by specific defects. 

For a-Si:H, PL can only be detected at low temperature. Increase in temperature 

causes a strong thermal quenching of PL. At room temperature, PL is totally quenched. 

There is a universal agreement that in samples with a high quantum efficiency, there is a 

single luminescence band. The peak energy of this band is usually between 1.25-1.4 eV. 

The band is featureless with a full width at half maximum (FWHM) of about 0.2-0.3 eV. 

This band is attributed to the transition between conduction and valence bandtail states, 

because the energy is in the correct range of the bandtails. The second well characterized 

transition is seen at 0.8-0.9 eV. The PL intensity of this peak is very low compared to the 

main peak. This peak is attributed to a transition between the bandtail states and dangling 

bond defect states in the midgap and correlates very well with the defect density. PL decay 

extends over a very wide time range (10-10" s) [38]. This corresponds to a very wide 

"X _ A _ 

distribution of carrier lifetimes, which has a peak near 10" -10 s. This wide distribution of 

lifetimes indicates that the carriers are in localized states rather than extended states and 

supports the cw PL data. 
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For a-C:H, all reported PL data refer to polymer-like carbon films with large 

bandgap that have been deposited at low impact energy. It appears that visible PL is a 

simple criterion to distinguish between dense DLC and PLC films [8]. For all PL data of a-

C:H reported so far, there are many features in common. The PL peak energy varies over 

a very wide range. There is no clear relationship between the peak energy of the PL and 

the optical Tauc gap (see Fig. 2.16). The PL spectrum is very broad with a FWHM of the 

order of 0.5 eV. This is much broader than that of a-Si:H. The PL efficiency of a-C:H is 

high compared with a-Si:H. Even at room temperature, strong PL can still be observed. 

Indeed, strong luminescence can sometimes obscure Raman spectra measurements. The 

intensity of PL signal has only a weak dependence on temperature. This is in contrast to a-

Si:H, in which the PL efficiency declines strongly with temperature. For a-C:H, a tail at 

energies higher than the excitation energy is observed. This is the so-called anti-Stokes 

luminescence. Also PL decay in a-C:H is much faster than in a-Si:H [39]. The 

recombination process in a-C:H occurs in nano-second time scale. Many of these features 

of PL are evidence in favor of the cluster model. We will discuss this in Chapter IV. 

2.2.3.1 Basic theory of photoluminescence 

Photoluminescence is the radiation emitted by the recombination process following 

excitation by illumination. PL process comprises three distinct events in sequence as 

illustrated in Fig. 2.17. First, an electron and a hole are promoted to the extended states by 

the absorption of an photon under illumination. The excess energy of electron and hole is 
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Figure 2.16: PL peak energy versus the optical Tauc gap for a-C:H films. 
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lost by many transitions within the band. And usually they relax down in band edge 

localized states. This process is referred to as thermalization. Finally, the electron and hole 

complete recombination either radiatively or non-radiatively. 

The thermalization process occurs by the emission of phonons whose frequencies 

are of the order of ~10'^-10" s"'. Consequently, the thermalization process in the extended 

states is extremely fast, and occurs in the time scale of 10"" s [40] Recombination lifetimes 

are much longer than the thermalization times, therefore these two processes occur on 

distinctly different time scales. If the recombination is radiative, the process is 

accompanied by the emission of a photon. Detection of this process is the basis of the PL 

experiment. The radiative recombination can be geminate or non-geminate. If the 

recombination occurs between the electron hole pair created by the same photon, the 

recombination is called geminate. This process is caused by the strong Coulomb attraction 

between the geminate pairs. If the Coulomb attraction between the electron and hole pair 

is not strong enough, the particles diffuse apart. Then the recombination is between distant 

pairs, and it is called non-geminate. 

There are four types of non-radiative mechanisms that could account for non-

radiative recombination. These are thermal quenching, tunneling to defects. Auger 

recombination and surface recombination. Thermal quenching accounts for the decrease in 

quantum efficiency of PL with increasing temperature. The primary cause for thermal 

quenching is the increased mobility of carriers. With an increase in temperature, the 

carriers become more mobile and can find non-radiative centers more easily. Non-radiative 
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tunneling to defects accounts for the decrease in intensity of PL in samples with high 

defect density. With an increase in defect density, the average separation between the 

defects decreases. If this separation becomes smaller than the average separation between 

the photogenerated carriers, the carriers can easily tunnel to defects and eventually 

recombine non-radiatively. Auger recombination occurs when the recombination of an 

electron-hole pair excites a third carrier up into the band, instead of giving up a photon. 

Auger recombination is only important at high excitation intensities because it needs a 

third carrier to participate. Surface recombination occurs when there is a high density of 

recombination centers at the surface to provide a non-radiative recombination path. 

The radiative recombination rate, Vemy for a transition between an upper and lower 

state emitting a photon of energy hco, is given by the Fermi golden rule, 

V.™ = (2;r /h)\M' \S(E, -E,+hm) (2.23), 

where M is the matrix element of the transition and the 5-function expresses the 

conservation of energy. The matrix element, M, is proportional to the overlap integral of 

the electron and hole waveflinctions, J(Oe, Oh). Thus, 

v.„ = y<,J' (2.24), 

where VQ is the transition rate for completely overiapping waveflinctions. For a dipole-

allowed transition, vb is approximately 10 s" [40]. 

If the electron and hole have almost complete spatial overlap, the recombination 

lifetime is of order 10"* s. The examples of this process are an exciton or a transition 

between an extended and a localized states. If the transition is between localized electrons 
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and holes that are spatially separated by a distance R, which is larger than the localization 

radii of electron Roe and hole Roh, the recombination rate is given by [41] 

^ . = v^oexp(-2/?/i^J (2.25). 

Therefore, a transition between states for which R > Roe has low probability and 

consequently a long radiative lifetime. This recombination mechanism is called radiative 

tunneling because it occurs by tunneling of carriers between two localized states. It is 

believed to be the dominant recombination mechanism in a-Si:H [38]. 

The recombination lifetimes can be found by measuring the transient response of 

the PL intensity using a pulsed excitation source. The overall lifetime, x, measured from 

the PL decay is the combination of the radiative lifetime, Xr, and the non-radiative lifetime. 

^mt and is given by 

1 1 1 

^ ^ r T^nr 

(2.26). 

2.2.3.2 Instrumentation 

The schematic experimental setup for the continuous wave (cw) PL and PL decay 

measurements is shown in Fig. 2.18. The sample is mounted on a sample holder inside a 

temperature-controlled closed cycle refrigeration system. Although in this work all PL 

measurement were carried out at room temperature, the system is designed to be capable 

of operating in a temperature range of 25 K to 475 K. 

For cw PL measurements, a cw laser or a mercury lamp is used as an excitation 

light source. For the excitation dependence study in this work, various lines, such as 325 
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Figure 2.18: Schematic experimental setup for the cw PL and PL decay measurements. 
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nm (3.82 eV) line from a He-Cd laser, 363 nm (3.42 eV) line from a mercury lamp, 457 

nm (2.72 eV), 488 nm (2.55 eV), and 514 nm (2.42 eV) lines from an Ar-ion laser 

(Coherent Innova 90 -lOW) and 543 nm (2.29 eV) line from a He-Ne laser, were used. 

Foe each excitation, a proper cutoff filter is used to block the excitation light scattered off" 

the surface of the sample from entering the monochromator. After the PL signal passes 

through the filter, it is directed to a SPEX model 1680 double monochromator (600 

lines/mm gratings, 1.8 nm/mm dispersion) by lenses 3 and 4. The wavelength scan of the 

monochromator is controlled by a computer through an RS-232 interface card. The PL 

signal is dispersed by the monochromator and detected by a Hamamatsu R2658 InGaAs 

Photomultiplier tube (PMT) air-cooled to -10°C. The output from the PMT is sent to a 

Keithly picoammeter. The picoammeter outputs an analog voltage signal proportional to 

the current, which is then digitized by the computer through an analog to digital (A/D) 

converter. All the cw PL data reported in the work have been corrected for the system 

(including the PMT, monochromator and filter) spectral response. 

For PL decay measurements, a PTI PL 2300 N2 laser along with a PTI PL 201 dye 

laser is used as the excitation light source. The N2 laser pumps the dye laser with 800 ps 

FWHM, 337.1 nm wavelength, 1.3 mJ pulses at a repetition rate of 1-20 Hz. Depending 

on the dye used, the laser can be operated in the range of 350-1000 nm. The FWHM of 

the dye laser pulse is typically 500 ps and the average energy per pulse is about 100-150 

|iJ. The laser light is divided into two beams by a beam splitter. One beam is directed to 

the sample, and the other directed to a photodiode which produces a trigger signal for the 
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digitizer. After the PL signal is dispersed by the same monochromator used for cw PL 

measurements, it is detected by a Hamamatsu R1564U-01 two-stage, proximity-focused 

microchannel plate (MCP) PMT. The MCP has a transit time jitter of approximately 90 ps 

and a rise time of the order of 300 ps making it suitable for fast PL decay measurements. 

The output from the MCP is directed to a Tektronix 7912AD fast waveform digitizer, 

which consists of a main control unit and two plug-in units, the 7A29 amplifier and 7B90P 

programmable time base. The digitizer has a bandwidth of ~ 750 MHz and a maximum 

digitization rate of 100 GHz or 10 ps/channel. The digitizer acquires a scan on a trigger 

signal from the photodiode synchronous with the excitation pulse. The PL decay is 

measured at an emission wavelength of interest in the cw PL spectrum. The PL decays in 

this work were acquired in the 50 ns time scale with the temporal resolution of 100 ps and 

averaged over 512 pulses. 

2.2.3.3 Data analysis of PL decay 

Once the PL decay curve has been taken, it must be deconvoluted to obtain the 

decay lifetime information. The measured PL decay signal M(t) is the convolution of the 

actual PL decay I(t) with the temporal instrument response R(t) according to 

M{t) = f R{t')Iit - t')dt' (2.27). 
—00 

To obtain the temporal instrument response R(t), the sample is replaced by a strongly 

reflecting surface, which is equivalent to replacing /(?-0 by a 6 function. The instrument 

response thus obtained contains the contributions from the shape of the laser pulse, PMT 
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response and preamplifier bandwidth of the wave-form digitizer. In order to obtain the 

actual PL decay, an iterative reconvolution technique and least-squares fitting are used 

[42]. To determine the number of components present in the decay, the PL decays are 

first fitted with an exponential-series method proposed by James and Ware [43]. This 

method requires no previous knowledge or assumptions about the underlying distribution. 

The analysis is performed by assuming that a set of fixed lifetimes spanning the range of 

interest and an associated set of variable pre-exponential factors may be used to fit the PL 

decay curve, that is, the PL decay can be represented as a superposition of all these 

exponentials given by 

n 

/(0 = S«,exp(-//r,) (2.28), 

where Xi and aj are the /"' lifetime and pre-exponential factor. From the best fit, a plot of 

the relative contribution of a lifetime can be plotted against the lifetime, yielding the 

lifetime distribution. The relative contribution of the m*^ lifetime, Pmy is given by 

a T 
m m Pn, = V " - ^ (2.29). 

From the number of peaks in the lifetime distribution, the number of decay times can be 

obtained. The mean lifetime for each peak in the distribution is given by 

r = ^. (2.30), 

m=i 
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where i and j are the first and last index, respectively, in the range of lifetimes spanning the 

peak. After finding the number of components in the decay and their approximate mean 

lifetimes from the lifetime distribution analysis, another fit, starting with these mean 

lifetimes and allowing both the lifetimes and their pre-exponential factors to vary, is 

carried out to obtain more accurate lifetimes. This is called the "discrete fit" analysis. If 

the number of decay component is correct, then the mean lifetimes obtained from the 

lifetime distribution analysis match very closely to those obtained from the discrete fit 

analysis. 

2.2.4 Raman Spectroscopy 

Raman spectroscopy is another useful tool to study the vibrational properties of 

molecules. Although both IR and Raman spectrum measure the normal modes of 

vibrations, they do not duplicate each other but rather complement each other. This is 

because their selection rules are different. IR spectroscopy is an absorption technique 

which measures the spectrum in the IR region, whereas Raman spectroscopy is a 

scattering technique which measures the spectrum in the UV-visible region where the 

excitation as well as Raman lines appear. In Raman spectroscopy, we measure the 

vibrational frequency as a shift from the incident beam frequency. 

In Raman measurement, the sample is irradiated by intense laser beams of 

frequency Vo, and the scattered light is detected. The scattered light consists of two types: 

Rayleigh scattering and Raman scattering. Rayleigh scattering is an elastic collision 
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between the incident photon and the molecule, therefore the frequency of the scattered 

photon is the same as that of the incident photon. This is the strongest component of the 

scattered radiation. Raman scattering is an inelastic collision between the incident photon 

and the molecule where the vibrational or rotational energy of the molecule is changed by 

an amount AE„=hVr„. Raman scattering is very weak, and is ~10"̂  of the incident beam. In 

order for the energy to be conserved, the energy of the scattered photon, hVs, must be 

different from the energy of the incident photon, /iv,, by an amount equal to AEm, i.e., 

H-hv,\ = hv^ (2.31), 

or 

V. = V, ± v„ (2.32). 

The VrVm and v,+ V;„ lines are called the Stokes and anti-Stokes lines, respectively. The 

intensity of the anti-Stokes line is much weaker than that of the Stokes line. 

For simplicity, Raman scattering is explained as follows according to classical 

theory. The electric field of the electromagnetic radiation in the vicinity of the molecule 

varies with time given by 

E = E^ coslTiv^t (2.33), 

where Eo is the amplitude of the field, v, is the frequency of the radiation, and / is time. 

This oscillating electric field will induce an oscillating electric dipole moment |a in the 

molecule, 

ju = aE (2.34), 
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where a is the polarizability. From classical theory this oscillating dipole moment will emit 

radiation in all directions which has the same frequency as that of the oscillationg dipole 

moment, and whose intensity is proportional to the square of the amplitude of ^. If the 

molecule is vibrating with a frequency Vm, the nuclear displacement q is written 

q^q^ coslnvj (2.35), 

where qo is the vibrational amplitude. For a small amplitude of vibration, the polarizability 

is a linear function of ,̂ and can be expanded in a Taylor series as 

^ = " o + ( ^ ) o ^ + - • (2.36), 
dq 

where Oo is the polarizability at the equilibrium position, and (da/dq)o is the rate of change 

of polarizability with respect to q evaluated at the equilibrium position. Combining Eqs. 

(2.33)-(2.36), we obtain after a simple algebra 

1 yn'/.y 

^ = a^E^cos2nv.t+-{-—),q,E^[cos27r{v^ -v^)/ + cos2;r(v. +v^)/] (2.37). 
2 dq 

The first term in the above equation represents an oscillating dipole that emits light of 

frequency v,, which gives rise to Rayleigh scattering. The second term corresponds to the 

Stokes {v,-Vm) and anti-Stokes {vt-^Vm) Raman scattering. From the above equation, it can 

be seen that if (da/dq){r^, then the Raman component frequencies of the induced dipole 

moment have zero amplitudes and therefore no radiation with Raman frequencies can be 

generated. Therefore, in order for a molecular vibration to be Raman active, the vibration 

must be accompanied by a change in the polarizability of the molecule. This is the 

selection rule for Raman spectrum. 
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In reality, dipole moment is a vector, so the polarizability is a tensor. Like IR 

analysis, symmetry of the molecule or the crystal plays important role in determining the 

Raman activity. Therefore, group theory is utilized to calculate the Raman tensor and to 

determine the Raman activity. A complete list of selection rules for Raman activity for 

important point groups can also be found in Table 3.15 in the book written by Colthup, 

Daly and Wiberiey [26]. 

In this work, we will use Raman spectroscopy to study carbon materials. For a 

good quality diamond film, its Raman spectrum has a single sharp line at 1332 cm"' with 

no background. The Raman spectrum of highly crystalline graphite has a single peak at 

1580 cm"' known as the G peak (G for graphite). This is attributed to a zone center mode 

of E2g symmetry, whose eigenvector is shown in Fig. 2.19 [30]. For microcrystalline and 

disordered graphites, an additional feature appears at 1350 cm"' known as the D peak (D 

for disorder). This is attributed to a zone edge mode of Aig symmetry, whose eigenvector 

is also shown in Fig. 2.19 [30]. This mode is inactive for an infinite layer and is activated 

by the absence of k conservation. For amorphous carbons, the loss of k conservation 

allows each mode of vibration to become Raman active to some degree. The Raman 

spectra of a-C:H should have similarities to microcrystalline graphite, because the Raman 

cross-section of graphite is 30-60 times that of diamond. Because the strong luminescence 

of PLC, Raman detection is sometimes obscured. Our Raman spectra measurement is 

concentrated on DLC films. 

Figure 2.20 shows a schematic diagram of a multi-channel Raman spectroscopy 

system [44]. In this system, laser light is provided by either an argon-ion laser (Coherent 
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Figure 2.19: Eigenvectors of the E2g zone center mode and the Aig zone edge mode. 
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Figure 2.20: A schematic diagram of the multi-channel Raman spectroscopy system. 
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Innova 306) or krypton-ion laser (Coherent Innova 90). In addition to the desired lasing 

line, there are other plasma lines originated from atomic transitions. These unwanted 

plasma lines are filtered out by either an interference line filter or a diffraction grating 

filter. Then the laser light is directed to the sample through a modified optical microscope 

(SPEX MicraMate). This system has a back-scattering geometry. The laser is focused on 

the sample using an 80X objective to a spot size of ~ 5 fim. The back-scattered light exits 

the microscope and passes through a holographic notch filter (Kaiser Optical, Inc.). The 

notch filter attenuates the Rayleigh scattering by a factor of > 10"̂ , and allows 80% of 

other wavelength through. Then the light is collected and focused by a lens f-matched to a 

SPEX 500M 0.5 m monochromator (f/4 with 110 x 110 mm grating). The signal is 

dispersed by the monochromator and detected by a liquid nitrogen cooled Charge Coupled 

Device (CCD) (Princeton Instruments LN/CCD-512TKB). The CCD has a 512 x 512 

pixel (24 \xm x 24 \xm pixels) grid with an active area of 1.2 cm .̂ The CCD is controlled 

and read out by a ST-130 detector controller. Finally, the signal is integrated over a set 

time and the spectrum is recorded by a computer using a CSMA software (v. 3.1), written 

by Princeton Instruments. Typical integration time ranges from 1 second to 10 minutes. 

The specific wavelength coverage of this system can range from ~ 600 cm"' for the red 

laser line (647 nm) to ~ 1000 cm"' for the blue laser line (458 nm). This system is limited 

to measure features above 75 cm"' from the laser line. 
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2.3 Electrical Measurement 

Electrical measurement in this work is mainly used to evaluate the performance of 

the antifiise devices made of a-Si:H or a-C:H. Antifuse devices were made on silicon 

substrates coated wdth 1000 A TiW, which serves as the bottom electrodes. Then, a layer 

of 1000-2000 A dielectric (a-Si:H or a-C:H) was deposited. Finally, around 1000 A 

aluminum was deposited as the top electrode through a shadow mask with a dot pattern. 

The size of the antifiise studied here is about 200 pm x 200 pm. 

The experimental setup for electrical measurements is schematically shown in Fig. 

2.21. Voltage applied on the antifuse is provided by a keithley 230 programmable voltage 

source. Current is measured by a Keithley 485 autoranging picoammeter. These two 

meters can be controlled by a computer through a GBIP interface card. The sample is 

placed in a home-made probe station which consists of two needle probes. To study the 

relationship between ON-state resistance, Ro„, and programming current, Ip, an external 

resistance is used to limit the breakdown current. Programming current is the current 

going through the antifiise when the antifiise is turned from OFF to ON state. When 

breakdown occurs in the antifuse dielectric, the antifuse suddenly changes from high 

resistance state to low resistance state. If there is no external resistance, all the voltage is 

dropped across the low resistance antifuse resulting in a huge current, which is not 

desirable. If an external resistance is connected in series, most of the voltage is dropped 

across the external resistance, thus limits the current. So programming current is 

sometimes called limiting current. 
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Figure 2.21: Schematic experimental setup for the electrical measurements. 
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To evaluate antifiise reliability, failure tests must be done on both unprogrammed 

and programmed antifuses. Tests on unprogrammed antifiises include time dependence 

dielectric breakdown (TDDB) and vohage induced leakage test. These tests are necessary 

because -80% of the antifiises on an FPGA product are not progranmied and remain in 

the OFF state for the lifetime of the product. During this time they are stressed by the 

product power supply voltage (Vcc) and must withstand this voltage stress without 

breaking down. Also, the leakage current at Vcc cannot be too high or the product will 

have a high standby and operating current. 

For TDDB test, the parameter to evaluate is the dielectric time-to-breakdown 

(tTDDB). This parameter is a function of the electric field across the dielectric, as well as 

temperature. To evaluate this parameter, the same model used for MOS transistor gate 

oxides [45] is used, since the antifiise is a dielectric sandwiched between two electrodes. 

From this model, we have the following relationship [45], 

troDB=lo^MG/E) (2.38), 

where trooB is the time-to-breakdown in seconds, to is a constant in seconds, E is the 

electric field in MV/cm, and G is the field acceleration factor in MV/cm. By taking the log 

of both sides of the above equation, we have 

\n(t,^oB) = Hto) + G*{\/E) (2.39). 

Form experimental data, if we plot \n(tTDDB) vs (I/E), we should get a straight line. Then 

the field acceleration factor G and the time constant to can be derived from the slope and 
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the y-intercept, respectively. Finally, the lifetime of operation at the operation voltage Vcc 

can be estimated from the above equation. 

To evaluate the ON-state reliability, programmed antifiise is stressed by a current 

greater than the programming current. Then the current passing through the antifiise is 

monitored over time. A sudden decrease in current indicates a switching from ON to OFF 

state, or a failure. 

Testing of reliability of antifuses is an involved task. Other tests, such as high 

temperature operating life (HTOL) test, electrostatic discharge (ESD) test, etc., are 

necessary to evaluate the reliability of the product. However, due to the lack of resources 

and limited number of samples, we mainly concertrate on the measurements of I-V 

characteristics, the relationship between ON-state resistance and programming current, 

and the testing of the ON-state reliability. 
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CHAPTER III 

DEPOSITION OF DLC FILMS USING ECR SYSTEM 

3.1 Introduction 

Hard hydrogenated amorphous carbon (a-C:H) or Diamond-Like Carbon (DLC) 

films have received considerable attention due to their unique structure and properties. 

DLC films exhibit extreme hardness, chemical inertness, optical transparency [1], good 

thermal conductivity and good electrical insulation [2,3]. DLC films have numerous 

applications, particulariy in infrared optics and for wear-resistant coatings. 

DLC films can be produced by a variety of deposition techniques, such as ion beam 

deposition [4], rf PECVD [5], magnetron sputtering [6] and microwave ECR plasma 

deposition [7]. A critical condition to produce hard DLC films is the exposure of the 

growing film to bombardment by ions of medium energy, 20-500 eV. Ion bombardment is 

necessary to promote sp bonding. DLC films can be easily produced by the rf plasma 

because the ion energy of rf plasma is in the range of hundreds of electron volts and the 

ion bombardment is enhanced by the negative self-bias of the substrate. However, ECR 

plasma is not readily to be used to make DLC films without additional bias. Although 

ECR plasma has a high plasma density (lO" -lO'^ cm*') and an enhanced ionization ratio 

(10'̂ ), it has an ion energy in the low tens of electron volts. Recently, Pool and Shing [7] 

reported that for ECR plasma, hard ECR films could only be produced by applying rf 

biasing to the substrate. RF-biasing to the substrate enhances ion bombardment. With rf-
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biasing, an ion sheath of about 10 mm near the substrate is developed and induced a 

negative dc self-bias voltage to the substrate. This negative dc self-bias voltage accelerates 

the positive ions to the substrate across the ion sheath resulting in ion bombardment. DC-

biasing is ineffective for ion bombardment, because when growing insulting films (such as 

a-C:H) on insulating substrates (such as quartz), an insulating layer in contact with the 

plasma charges up to the floating potential that is close to the plasma potential [8]. This 

idea is illustrated in Fig. 3.1, in which the spatial and temporal variation of the potentials 

of the plasma and the sample for (a) rf-biasing and (b) dc-biasing. In this picture, Vp is the 

plasma potential; VB is the bias potential; Vf is the floating potential of the sample; Vs is 

the sheath potential; Vo is the amplitude of the rf bias potential and - F is the time 

average negative self-bias potential. 

Although Pool et al. [7] did not systematically study the effect of deposition 

parameters on the film properties, their limited study shows that the effect of gas pressure 

on the band gap for ECR deposited films is opposite to those for the a-C:H films prepared 

by PECVD and sputtering techniques. 

In this chapter we report successful ECR depositions of DLC films under different 

rf-biasing and methane partial pressure. To study the effects of the deposition pressure and 

rf-bias power on the film properties, seven films were deposited on quartz substrates 

under different conditions. The source gases are methane (CH4) and hydrogen (H2). For all 

seven films, the ratio of CH4 and H2 is kept at 50:50, and the total flow rate is 30 seem. 
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sample for (a) rf-biasing and (b) dc-biasing. 

117 



All depositions were made at a microwave power of 100 W for 30 minutes and at an 

ambient temperature (<100°C). The deposition pressures and rf-bias powers for seven 

films are listed in Table 3.1. We used the optical absorption, IR absorption and micro 

Raman spectroscopy to characterize these films. The Raman measurements were done by 

Tim Dallas in Dr. Holtz's lab at Texas Tech. The Raman spectra of the samples were 

measured with a 488 nm line of an argon laser. Thickness of the films were measured by 

optical interferometry. 

3.2 Results and Discussion 

The optical gaps of the films were obtained from optical absorption measurement 

using the Tauc equation (Eq. (2.18)). Fig. 3.2 shows the change of the optical gaps of the 

films with rf bias power and deposition pressure. The optical gaps of these films are listed 

in Table 3.1. For the convenience of comparison, we also listed in Table 3.1 the 

thicknesses of the films, and the hydrogen concentrations calculated from the IR spectra. 

Without rf bias, the optical gap of the a-C:H film is about 2.9 eV, which is a soft polymer

like carbon film. With an increase in the rf bias power, the optical gap decreases to 1.34 

eV for the film deposited at 10 mTorr and 20 W rf power. The film transforms from a soft 

polymer-like carbon to hard diamond-like carbon and the optical gap decreases at constant 

pressure and the increasing rf bias power. Also, we observed that at constant rf bias 

power, with an decrease in deposition pressure, the optical gap of the film decreases. 
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Figure 3.2: The change of the optical gaps of DLC films with rf bias power and deposition 
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Table 3.1: Deposition conditions and some results of a-C:H films using ECR system 

Sample 
ID 

1 

2 

3 

4 

5 

6 

7 

Deposition 
Pressure(mTorr) 

10 

10 

10 

20 

20 

30 

30 

rfBias 
Power 

(W) 
0 

10 

20 

10 

20 

10 

20 

Thickness 
(H) 

1.5 

0.85 

0.73 

0.55 

0.45 

0.80 

0.72 

H 
(%) 

67 

37 

31 

43 

35 

63 

40 

Band Gap Eg 
(eV) 

2.9 

1.6 

1.34 

2.18 

1.5 

2.75 

1.7 
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These are consistent with the results reported in ref 9 that optical gap of a-C:H films 

decreases with increased bias vohage. For ECR plasma at constant microwave power, the 

ion energy is mainly determined by the rf bias power and the pressure, since the ion energy 

contributed from ECR is very small. For rf plasma, it is generally known that the cathode 

dc self-bias vohage increases with an increase in the rf power [10] and also with a 

decrease in the gas pressure [5] as suggested by the Eq. (2.3). In a similar manner, the 

overall ion energy of our ECR plasma also increases with the increase in rf bias power and 

decreases with the increase in deposition pressure. It is interesting to note that at a 

constant microwave power, the ion energy contributed from the ECR plasma without rf-

biasing also decreases with the increase in the gas pressure. This is supported by the 

previous measurement of electron temperature of argon plasma by Langmuir probe [11]. 

We found that the electron temperature decreases as the deposition pressure increases. 

This is due to the fact that the higher pressure causes a higher probability of collisions, 

and the collisions cause a loss in electron energy, so electrons have lower temperatures at 

higher pressure. This scenario works for ions too. Therefore the overall ion energy 

decreases with the increased pressure, regardless of whether it is rf-biased. Our results 

indicate that the optical gap of the a-C:H films decreases with the increase in ion energy. 

The hydrogen concentration of the films were obtained from FTIR measurement 

using Eq. (2.15). Fig. 3.3 shows the change of hydrogen content of the films with rf bias 

power and deposition pressure. Comparing Fig. 3.3 with Fig. 3.2, one can see that the 

hydrogen concentration follows the same trend as the optical gap. As the rf power 
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Figure 3.3: The change of hydrogen content of the films with rf bias power and deposition 
pressure. 
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increases, the H concentration decreases, whileas the deposition pressure increases, the H 

concentration also increases. Bearing this in mind, if we plot the H concentration versus 

the optical gap, the H concentration should increases with the optical gap. Fig 3.4 shows 

the plot of the H concentration vs. the optical gap. Indeed, this is what we expected. Since 

the optical gap decreases v̂ dth the ion bombardment energy, the reduction of the H 

concentration of the film is also caused by the ion bombardment. This is reasonable 

because the energetic incident ion preferentially sputters off H atoms due to their relatively 

weak bond. Our resuhs are consistant with those reported in ref 9 and 19. For easy 

comparison, we replot the results from ref 19 in Fig. 3.5. 

According to Robertson [12], the optical gap is determined by the n bonded 

clusters embedded in the sp' matrix. The optical gap decreases as the size of the cluster 

increases [12]. The role of hydrogen is to passivate the dangling bonds in the film, and 

thus terminates the sp bonded clusters. Since the hydrogen atoms can only be attached to 

the outer carbon atoms of the n bonded clusters, the cluster size increases with the 

decrease in H/C ratio [19]. As the ion energy increases, the H content decreases, hence the 

decrease in H/C ratio. So the cluster size increases with the ion energy. Therefore, the 

optical gap decreases as the ion energy increases. 

Fig. 3.6 shows the C-H stretch absorption bands around 2900 cm"' of samples 1, 2 

and 3. For the soft polymer-like carbon film with band gap of 2.9 eV, there are three 

distinguishable three peaks at 2870, 2920 and 2950 cm"'. Comparing with those previously 

reported values listed in Table 2.1, we assigned 2870 cm*' to sp'-CHa symmetrical, 2920 
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cm'' to sp'-CH2 asymmetrical and 2950 cm"' to sp̂ -CH2 olefinic. With the increase in ion 

bombardment energy (rf power), the three peaks of the band are less easy to be 

distinguished. This is a common feature of the DLC films [5,13]. This could be due to the 

broadening of the individual peaks. To confirm this, we fitted this band with three 

Gaussians, and the peak positions and the FWHMs are listed in Table 3.2. From this table, 

we can see that all three peaks are broadened from about 35-55 cm"' for sample 1 to about 

75-95 cm" for samples 2 and 3. The broadening of the IR absorption peaks indicate that 

DLC films are more disordered than the PLC films because DLC films have smaller band 

gap and less hydrogen content. The relationship between the medium-range order and the 

band gap will be discussed in Chapter IV. 

For samples 1, 4, and 6 with band gaps higher than 2 eV, bright luminescence 

prevents the measurement of the Raman spectra. For samples 2, 3, 5 and 7 with band gaps 

less than 1.8 eV, we were able to measure the Raman spectra. The Raman spectra of these 

films and their fitting curves are shown in Fig. 3.7 (for samples 2 and 3) and Fig. 3.8 (for 

samples 5 and 7). All of these spectra are very broad with two peaks at 1580±5 cm"' and 

1410±5 cm"', respectively. The peaks at 1580 cm"' is known as the G peak, which is 

related to a zone center mode of E2g symmetry in graphite. The peak at 1410 cm"' is 

related to the disorder band in graphite. This mode is a common feature of disordered 

carbons. Such spectra are characteristic of DLC films [7,14-17]. The positions of these 

two peaks have been reported to depend on the excitation wavelength [14,15]. Generally 

speaking, the peak positions of these two bands shift to higher wavenumber as the 

excitation energy increases. This is the evidence in favor of the cluster model. As the 
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Table 3.2: Fitting results of samples 1, 2 and 3 

Sample ID 

1 

2 

3 

1st peak 
(cm"') 
2867 

2862 

2859 

FWHM 
(cm"') 

45 

74 

88 

2nd peak 
(cm"') 
2924 

2917 

2916 

FWHM 
(cm"') 

58 

75 

72 

3rd peak 
(cm"') 
2959 

2953 

2957 

FWHM 
(cm"') 

35 

96 

82 
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excitation energy increases, more clusters with smaller size (or larger band gap) are 

resonantly excited. Therefore the peak position shifts to higher wavenumber. Although the 

peak positions of our samples are slightly higher than that reported by Yoshikawa et al. 

[14], they are still in good agreement. Yoshikawa et al. [14] only studied one type of a-

C:H films with 30% hydrogen.They did show that the peak positions of a-C:H films are 

slightly higher than a-C films without hydrogen. We believe that with different hydrogen 

concentration and medium range ordering, the peak position of a-C:H films might be 

slightly different. 

Two types of DLC films have been produced by our ECR system, which are 

shown in Fig. 3.7 and Fig. 3.8, respectively. The films deposited at 10 mTorr (samples 2 

and 3) are different from the films deposited under higher pressures. The G bands of the 

low pressure films are relatively sharp. The Raman spectra of this type of films are very 

similar to that of ECR DLC film reported by Kuo et al. [17]. They reported a relatively 

sharp band centered at around 1580 cm"' and a broad shoulder band centered at around 

1410 cm"' with 406.7 nm excitation. The relatively sharp G band might be due to the 

inclusion of small amount of nanocrystalline graphite in the film. High bombardment 

energy of the ions at low pressure may be the reason for the creation of the nanocrystalline 

graphite. 

Another type of Raman spectrum was seen in the high pressure DLC films. The 

Raman spectra of this type are very broad centered at around 1500 cm"'. When resolved 

into two bands, the G band is much broader than that of the first type. This indicates no 

long-range order in the film. This type of DLC film has also been observed by Pool and 
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Shing [7] for the ECR DLC film deposited at 5 W rf power, 17 mTorr and a concentration 

of 17% CH4. In principle there may be four factors which can cause the broadening of the 

G peak in a-C:H films. These four factors are the cluster size, the cluster distribution, the 

stress in the films and the chemical bonding [18]. Therefore, the broadening of the G 

linewidth may indicate the samller size of the graphitic cluster, or broader distribution of 

cluster size, or the larger stress exists in the film, or the different chemical environment 

(sp bonding and hydrogen bonding) from the first type. In our present techniques, we 

cannot single out the most probable factor. Our main purpose of using Raman 

Spectroscopy is to verify in combination with IR spctra that ECR can indeed produce hard 

DLC film under certain experimental conditions. 

3.3 Conclusions 

In conclusion, we were able to produce DLC films in our microwave ECR plasma 

deposition system. In producing DLC films, rf bias plays a important role. Without rf bias, 

the film is a soft polymer-like carbon with a band gap of 2.9 eV. With an increase in rf bias 

power, the band gap of the film decreases and the film is transfromed to a hard diamond

like carbon with a band gap smaller than 1.7 eV. The band gap decreases with the increase 

in the ion bombardment energy. The hydrogen concentration also decreases with the 

increase in the ion bombardment energy. The increase in ion energy results in efficient ion 

bombardment, causing the dehydrogenation of a-C:H. Two types of DLC films have been 

produced by ECR under low and high pressures, respectively. Raman spectra of one type 
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of DLC films deposited at low pressures consist of two distinguishable two peaks centered 

at 1410 and 1580 cm"', respectively. The G peak of this type is relatively sharp. Raman 

spectra of the DLC films prepared at high pressures show a broad peak at around 1500 

cm"', which can be resolved into a disorder band and a G peak. The G peak of this type is 

very broad. In general, the effect of the rf bias power and gas pressure for ECR deposited 

a-C:H films is similar to those observed in the films deposited by PECVD and sputtering 

techniques. 
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CHAPTER IV 

OPTICAL STUDIES OF a-C:H AND ITS ALLOYS 

In this chapter, a-C:H and its alloys (a-C:H,N and a-C:H,N,F) were characterized 

by FTIR, optical absorption, cw PL and PL decay measurements. The samples were 

deposited by the rf PECVD system in the University of Arkansas. For this work, four 

samples (A, B, C and D) were used. Details of the deposition conditions of these four 

samples are summarized in Table 4.1. At this point, I would like to mention that although 

there are several optical studies of a-C:H,N films, this is the first detailed optical studies of 

a-C:H,N,F films. 

Films grown on crystalline silicon and crystalline silicon coated with titanium 

tungsten (TiW) were used for FTIR transmission and reflection measurements, 

respectively. For optical absorption measurements, films grown on plane quartz were 

used. Films deposited on ground quartz were used for PL measurements. All 

measurements were carried out at room temperature. 

41 IR Absorption 

The comparison of IR absorption of a-C:H films A to D in the range 500-4000 

cm"' is shown in Fig. 4.1. For clarity, the spectra are off-set vertically. These spectra were 

taken in reflection mode. The broad fringes around 3450 cm"̂  for samples C and D are due 
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Table 4.1: The processing parameters used to fabricate a-C:H films. 

Experimental Conditions: 

Deposition Power (RF) 

Deposition Frequency (RF) 

Deposition Temperature 

100W(28mW/cm^) 

13.56 MHz 

100°C 

Deposition Time 

Total Gas Pressure 

Up to 4 hours 

2 Torr 

Sample ID 

A 

B 

C 

D 

Thickness(A) 

4000 

4000 

4000 

4000 

Gas Flow Rates (seem) 

CH4 

200 

100 

200 

200 

N2 

40 

200 

NF3 

20 

20 

Deposition 
rate(A/min) 

19 

15 

22 

27 
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Figure 4.1: The comparison of IR absorption of a-C:H films A to D. 
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to interference. This was verified by comparing the transmission and reflection spectra. 

This was also verified by measuring the IR spectra in the 4000-7800 cm"' range. 

From the IR spectra, some major features can be identified. The broad band 

around 3300 cm"' is due to the NH2 stretching mode [1]. The absorption peaks around 

3000 cm" are due to CH stretching modes [2]. Their corresponding bending modes are 

observed around 1400 cm'. For nitrogen and fluorine doped samples, another feature 

around 2200 cm"' shows up. This is CN related mode [1-4]. Also a band around 1500-

1750 cm" is observed for nitrogen and fluorine doped samples. In the lowest energy 

region, only those samples containing fluorine show strong absorption, indicating that they 

are C-F related modes. Detail analysis are as follows. 

4.1.1 Broad Band around 3300 cm"' 

This band is due to the NH2 stretching [1]. As expected, the IR spectrum of 

sample A, which does not contain nitrogen, is flat in this region. This band appears only 

when N2 is added to the feed stock. Fig. 4.2 shows the comparison of the transmission 

spectra of samples B, C, and D. The transmission spectra were used in this region, 

because in the reflection spectra, interference fringes are present in this region. It is 

difficult to separate the absorption from the fringes. As can be seen from Fig. 4.2, the 

transmission spectra are very noisy. So for the other regions, only the reflection spectra 

were used. Sample B shows very weak absorption in 3300 cm"' region and sample C has 

the strongest absorption. Because this band is well identified, a comparison of the absolute 

intensities of samples B, C and D can be used to identify the NH2 deformation band in 
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1500-1750 cm"' region, because the existence of many possible modes in this region 

makes the analysis difficult. 

4.1.2. Band around 3000 cm"' 

The absorption peaks around 3000 cm"' are due to CH stretching modes [2]. The 

integrated absorbances of this band can be used to estimate the hydrogen concentration in 

the film. The hydrogen concentrations of samples A, B, C, and D, calculated from Eq. 

(2.15), are listed in Table 4.2. Since our a-C:H film contains very high hydrogen 

concentration, it is polymer-like in nature. The incorporation of nitrogen or fluorine into 

the film decreases the hydrogen concentration. 

The CH band consists of three peaks. The peak at 2956 cm*' is due to sp̂ -CH2 

(olefinic), the peak at 2920 cm"' is due to sp'-CH2 asymmetrical stretching mode and the 

peak at 2870 cm"' is due to sp'-CHa symmetrical stretching mode [2]. As can be seen in 

Fig. 4.1, the peak heights of these modes change with deposition conditions. To analyze 

the peak height change of these three peaks in more detail, we fitted the 3000 cm'' band 

with three Gaussians. The peak positions and the percentages are listed in Table 4.2. 

From this table, it can be seen that the percentage of sp̂  species increases from 

20.9% for film A to 44.2% for film D. It is well known that hydrogen incorporation in 

carbon films favors sp' bonding by etching sp̂  species [5]. As shown in Table 4.1, the 

effect of nitrogen is to decrease the deposition rate. The reason is that the deposition of an 

a-C:H film involves predominantly CH3 and CHŝ  species arriving at the substrate surface. 

When the total deposition pressure is held constant at 2 Torr, introduction of N2 in the 
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Table 4.2: Sumary of hydrogen contents, sp' and sp̂  percentages 
of samples A, B, C and D. 

Sample ID 

A 

B 

C 

D 

H 
content 

(%) 

73.8 

67.3 

63.2 

57.4 

sp' CH3 
(sym.) 
(cm-') 
2863 

2865 

2870 

2873 

% 

37.1 

32.9 

28.9 

30.9 

sp' CH2 
(asym.) 
(cm"') 
2920 

2919 

2924 

2921 

% 

42.0 

37.4 

40.2 

24.9 

sp^ CH2 
(ole.) 
(cm"') 
2955 

2954 

2959 

2958 

% 

20.9 

29.7 

30.9 

44.2 
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feed stock resuhs in the dilution of CH3 radicals. Furthermore, when hydrogen is present, 

sp^ content is increased because the hydrogen reacts with nitrogen and forms amino 

group. The formation of nitrile (C=N) groups is also favored over the formation of sp 

O "X 

species. Therefore, the addition of nitrogen to methane causes an increase in the sp /sp 

ratio. The addition of NF3 to the feed stock increases the deposition rate considerably. 

This is believed to be due to the reduction of activated hydrogen species by forming HF 

with the fluorine ions (F"). Therefore there is less atomic hydrogen to etch the graphitic 

carbon clusters. Thus the ratio of sp /̂sp' increases. Since the optical band gap depends 

primarily on the sp /̂sp' ratio [6], a decrease in the band gap from samples A to D is 

expected (see Table 4.3). 

4.1.3. Band near 2200 cm"' 

The band near 2200 cm"' also depends upon the deposition conditions. We 

observed two (for sample B) or three (for samples C and D) peaks in the 2150-2300 cm"' 

range. When the film is deposited from pure CH4, there is no feature in this region. When 

N2 is added to the precursor gas, two peaks at 2180 cm"' and 2240 cm"' show up 

indicating they are CN related modes. When NF3 is added to the precursor gas(es) CH4 

(and N2), another peak at 2210 cm"' appears between these two peaks, suggesting that it is 

fluorine related. To get the exact peak positions, we fitted this band with two Gaussians 

for sample B and three Gaussians for samples C and D. The peak positions obtained from 

the best fit are 2182±5, 2211±3 and 2238±6 cm"'. The fitted curves for samples B, C and 

D are shown in Fig. 4.3. We assume a simple valence force field and linear molecular 
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model to calculate the vibrational frequencies of various possible compositions of 

molecules [7]. If we assume the force constants Fc.c=4.5 mdyn/A, FC^N=17.5 mdyn/A, 

Fc=N=l 1.7 mdyn/A [7], and FF.N=4.85 mdyn/A [8], then the in-phase stretching frequencies 

of molecules -C-C=N, -N=C=N-, and F-N=C=N-, calculated from Eq. (2.10), are 

2240, 2175 and 2200 cm"', respectively. Comparing with the observed values, we assigned 

peak 2238 cm"' to the stretching frequency of triple bonded -C=N attached to the carbon 

network, peak 2182 cm"' to -N=C=N- stretch, and peak 2211 cm"' to fluorine attached 

to -N=C=N-. The peaks at 2238 cm"' and 2182 cm"' have been observed previously by 

several groups in amorphous carbon doped with hydrogen and nitrogen [1-4]. Our 

assignment is consistant with those groups. However, this is the first identification of F-

N=C=N- mode in a-C:H,N,F film. 

4.1.4. Band in 1500-1750 cm"' region 

As for the band in the 1500 - 1750 cm"' region, all samples except film A have this 

band, indicating it to be nitrogen related. In this region, nitrogen-activated C-C modes 

and C-N related modes can be present. So we fitted this region with four Gaussians with 

peaks at 1527±5, 158311, 1646±8 and 1694±5 cm"'. Fig. 4.4 shows the fitted curves for 

samples B, C and D. We assigned the peak at 1694 cm"' to C=N stretch. Usually C=N 

stretching frequency occurs in the range 1650 - 1680 cm"' [9]. When one or more NH 

groups are attached to the carbon atom of the C=N link, the frequencies appear to be 

slightly higher than usual [9]. The peak at 1646 cm' can be attributed to the olefinic C=C 
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stretch [10]. This peak becomes IR active because of symmetry breaking by nitrogen 

doping [11]. Most primary amines have a NH2 deformation band in the 1590 - 1650 cm"' 

region [7]. We assign the peak at 1583 cm' to the NH2 deformation mode [7]. The 

absolute intensity of this peak decreases in the order of samples C, D and B. This is 

consistent with the analysis of NH2 stretching mode. The aromatic sp^ C-C stretch also 

occurs in this region (1575 cm"') [6]. However, we believe that the peak at 1583 cm"' is 

not due to aromatic sp̂  C-C stretch for the following reason. If 1583 cm"' band was from 

aromatic sp̂  C-C stretch, one should observe the aromatic sp̂  CH stretch at 3050 cm"'. 

The peak at 3050 cm"' is not present in our spectra. So the assignment of peak at 1583 to 

aromatic sp C-C stretch is unlikely. However, the possibility of its presence in small 

concentration cannot be excluded. The assignment of the peak at 1527 is not clear. It 

might be due to CNH bending [7]. It also follows the trend of NH2 deformation. 

4.1.5. Bands in 500-1250 cm' 

This region has no peaks for films A and B. However when NF3 is added to CH4 

(films C and D), three absorption bands show up, indicating that they are C-F or N-F 

related modes. The band at 1100 cm*' can be fitted with two Gaussians with peaks at 1090 

cm"' and 1161 cm"' respectively. Their fitted curves are shown in Fig. 4.5. Bellamy [9] 

states that in simple molecules the presence of a single fluorine atom attached to carbon 

usually resuhs in the appearance of a moderately intense absorption in the 1000-1100 cm"' 

region. This frequency shifts to higher wavenumber with further fluorine substitution and 

splits into two peaks arising from symmetric and asymmetric vibrations. We believe that 
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the peaks at 1090 cm"' and 1161 cm"' resulted from the asymmetric and symmetric stretch 

of bent CF2, respectively. We calculated from Eqs. (2.11) and (2.12) a force constant 

Fc-F=5.94 mdyn/A and an angle 77.3° between two C-F bonds. The asymmetric and 

symmetric stretching frequencies for bent CF2 listed in literature [12] are 1114 cm"' and 

1225 cm", respectively. The calculated force constant and bond angle are FC.F=5.94 

mdyn/A and a=81.1°. It can be seen that there is less than a 4° difference in a between 

these two cases. The distortion of bond angle is possible because of the environment 

around CF2 and the amorphous nature of carbon film.The band at 960 cm"' is due to the 

bent NF2 asymmetric stretch [12]. The band at 730 cm*' is probably from a C-F 

deformation mode [13]. Comparing samples C and D, one can see that the absorption of 

C-F related peaks for sample C is much smaller than that of sample D. This can be 

attributed to the nitrogen dilution of the precursor gases for sample C. 

In the previous studies of these films on thermal stability of electrical conductivity 

[3], it was found that a-C:H film (sample A) was thermally unstable above 200°C. 

Incorporation of fluorine and nitrogen in a-C:H (sample D) makes the film thermally stable 

up to 400°C. From the analysis of IR spectra, we believed that the improvement of 

thermal stability is probably due to the replacement of weakly bonded C-H in a-C:H by 

strong bonded C-F in a-C:H,N,F film. 

4.2 Optical Absorption 

Fig. 4.6 shows the curves of yjahv versus energy for films A, B, C and D. From 

these curves, the optical bad gaps can be obtained from the Tauc equation. The optical 
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band gaps and Urbach energies are listed in Table 4.3. We have also listed the peak energy 

and full v^dth at half maximum (FWHM) of the PL spectra of these samples in Table 4.3. 

We defer further discussion of the PL spectra until next section. 

The optical bandgap for the undoped a-C:H is 3.1 eV. The addition of N2 or NF3 

decreases the bandgap. Also, from Table 4.3, we can see that the Urbach energy changes 

from 117 meV for sample A to 489 meV for sample D, indicating the undoped a-C:H film 

has the smallest disorder and defect density. In other words, doping with N or F in a-C:H 

films produces defect states in the gap. 

According to the cluster model proposed by Robertson and O'Reilly [14], a-C:H 

contains both sp' and sp̂  sites, with sp̂  sites segregated into clusters embedded in a sp' 

bonded matrix. The optical gap of a-C:H depends on the degree of medium-range order, 

rather than just on the short-range order as is the case of other amorphous semiconductors 

[14]. From this model, the optical gap is found to vary inversely with the sp̂  cluster size 

[14]. Also, the calculated defect creation energy decreases with the sp̂  cluster size [14]. 

From these two correlations, it is predicted that the defect density should decrease with 

increasing band gap. 

In our IR spectra, we did not observe aromatic sp -CH stretch which means sp 

clusters are not necessarily arranged in graphitic rings even though they are favored over 

olefinic chains. Robertson did not exclude the possibility of sp clusters in a-C:H being 

arranged in n bonded chains, analogous to CNHN+2. The band gap of olefinic chains can be 

obtained from their eigenvalues [14] 
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Table 4.3: Comparison of Tauc gaps, Urbach energies, PL peak energy 
and PL FWHM of samples A, B, C and D. 

Sample ID 

A 

B 

C 

D 

Eg(eV) 

3.1 

2.9 

2.8 

2.6 

Eo (meV) 

117 

259 

384 

489 

PL Peak Energy (eV) 

2.89 

2.64 

2.53 

2.36 

PL FWHM (eV) 

1.03 

0.94 

0.87 

0.75 
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7m 
^ = 2>^cos(-j^), n=l..N (4.1), 

where p represents the nearest neighbor interation between the n orbitals. When N is 

large and even. Eg can be approximated by the following equation 

E^ - - ^ (4.2). 

Since a-C:H contains both sp' and sp̂  species, it seems sp̂  species organize 

themselves in clusters with different sizes. A distribution of cluster size implies a 

distribution of Eg values of the clusters. Thus, the Eg value obtained from the Tauc 

equation represents an average value of this distribution. The cluster model suggests that 

the increase in sp fraction will tend to increase the average size of the sp̂  clusters and 

thereby decrease the Tauc gap. From our IR analysis, sp̂  fraction increases from sample A 

to D, causing a decrease in the band gap. 

Doping by group-Hi and -V elements in a-C:H is substitutional [14]. Nitrogen can 

form substitutional sites in a-C:H because its size is comparable to carbon atoms. This is in 

contrast with the doping of a-Si:H. Usually nitrogen atoms do not dope a-Si:H because 

they are too small to accommodate the necessary four Si neighbors. Doping in a-C:H is 

also strongly autocompensated, in which doping is accompanied by an increased defect 

(dangling bond) density in the band gap [14]. The basic idea is that in a-C:H, if a donor 

electron can fall into a defect level lower in the gap, it gains an energy A. If A exceeds the 

defect creation energy Ed, defects will be spontaneously created during deposition and trap 

the electron, causing compensation. In a-Si:H doped with phosphorous, the conductivity 
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increases by six to seven orders of magnitude and Fermi level shifts to ~ 0.2 eV below the 

conduction band [15]. Almost all the donors are compensated by dangling bond defects. 

The increased conductivity of doped amorphous silicon results from the small excess band 

tail electron density which is present because donor concentration is shghtly larger than 

the dangling bond defect concentration. For samples B, C and D, even though the nitrogen 

concentration was in the range of 9% to 13%, the conductivity increased by only two 

orders of magnitude compared to that for an a-C:H film [3,16]. This may be due to the 

fact that most donor electrons are trapped at the defects created by autocompensation. 

These defects merge with the broad band tail states causing an increase in Urbach energy 

with nitrogen doping. In a-Si:H, doping efficiency decreases when dopant concentration is 

increased. At high concentrations (> 1%), the dopant atoms start forming an alloy with the 

host atoms [15]. In samples B, C and D, it seems that most of the nitrogen atoms form an 

alloy with carbon, with the exception of only few atoms participating in substitutional 

doping. 

As proposed by Demichelis et al. [17], the decrease in the band gap with nitrogen 

doping is related to the increase in the size of the clusters in which nitrogen acts as a 

bridging atom between the clusters. Although doping mechanism of fluorine and nitrogen 

may be different, it seems that fluorine also increase the sp cluster size resulting in a 

decrease in the band gap and an increase in the defect density. 
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4.3 cw Photoluminescence Measurements 

Fig. 4.7 shows the normalized cw PL spectra for all samples with 3.42 eV 

excitation energy. The PL spectra for these samples are broad and have no sharp features. 

They can be fitted well with one Gaussian. The peak positions and FWHMs for the PL 

spectra shown in Fig. 4.7 are listed in Table 4.3. The peak energy shifts from 2.89 eV for 

sample A to 2.36 eV for sample D, while the FWHM decreases from 1.03 eV to 0.75 eV. 

Our results are consistent with the resuhs reported by Fabisiak et al. [18] for a-

C:H deposited at various substrate temperatures. When the substrate temperature was 

increased from room temperature to 400°C, they observed the closing of the optical band 

gap, broadening of the band tails, decrease in the PL intensity, and red-shift and narrowing 

of the luminescence band. They explained their resuhs in terms of the distribution of the 

density of states within the mobility gap. According to this model, the distribution of n-

states is approximately symmetric about the gap center and both extended and localized 

density of states fiinctions have equal slopes for both conduction and valence band tails. 

They introduced the term luminescence edge where the rate of radiative recombination 

becomes higher than the non-radiative one and is determined by the degree of localization. 

Although this model explains the red-shift of luminescence band with decreasing Tauc gap 

and broadening of the band tails, the mechanism of the narrowing of the luminescence 

band is unclear. 

In a-Si:H and its alloys, a-SixCi.xH and a-SiNx:H, an increase in the Urbach energy 

causes an increase in the width of the PL band. In these materials, according to Searle and 
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Figure 4.7: Normalized cw PL spectra for all samples with 3.42 eV excitation energy. 
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Jackson [19], the width of the PL band (oi) comes from both disorder broadening 

{cFL)disorder and phonon broadening {GL)stokes and can be expressed as 

^L=^L«+(^L)L.d.. (4.3). 

According to Dunstan and Boulitrop [20], (ajdisorder is proportional to the Urbach energy 

of the film as 

(^J*.o.... « 2.45£o (4.4). 

If we assume that the contribution from phonon broadening is small compared to disorder 

broadening, a linear correlation between PL bandwidth and Urbach energy is expected. In 

the case of a-SixCi.x:H, this correlation has been observed by several groups [19,21]. 

However, a decrease in the PL bandwidth with increasing Urbach energy observed in our 

films can not be explained by using the models used for amorphous silicon and its alloys. 

Recently Demichelis et al. [22] proposed a model to describe the mechanisms 

which cause the PL of polymerlike hydrocarbon (PLHC) to have a distinctive behavior. 

This model is based on the assumption that an energy distribution of PL centers exists in 

PLHC films. This is reasonable because a-C:H has a distribution of sp̂  cluster sizes. 

Different cluster sizes have different band gaps. Eg. Since the sp' phase, in which the 

clusters are embedded, has a much larger optical gap (> 6 eV) than that of the sp clusters 

(<3.5 eV), Demichelis et al. [22] assumed that the carriers move freely inside the clusters, 

but are almost forbidden to move from one cluster to the other. The photoluminescence of 

the film at energy E was assumed to be the sum of the PL contributions of the single 

clusters which were grouped together on the basis of their band gap Eg. Assuming a 
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continuous distribution of Eg, the overall intensity was given by 

v/hQTQf(Eg) represents the relative distribution of clusters having an energy gap between 

Eg and Eg+dEg, E„i„ is the minimum Eg, a(E, Eg) is the absorption coefficient at photon 

energy E for a cluster having energy gap Eg, Eexc is the laser excitation energy, a(E) is the 

absorption coefficient of the film at photon energy £, t^v is an average path of photons, m^ 

and mc are the exponents for the density of states distribution in the valence bands and 

conduction bands, respectively, and s depends upon the type of transition. 

In order to study the behavior of the function given in Eq. (4.5), by assuming the 

shapes of the conduction and valence bands to be parabolic, they further simplified the 

equation to 

/ (£) oc E-^e-''>'f(E^)(E^, -E + mk.T)" (4.6), 

where Eexc is the laser excitation energy, a is the absorption coefficient and / is the film 

thickness, f(Eg) is evaluated at Eg^E-rnksT, m=mc+mv+I. Equation (4.6) is evaluated 

assuming mc^ fJiv^j and using the measured absorption coefficient. The exponent s is set 

at s=-I, for a constant momentum transition. From this equation, f(Eg) can be obtained 

from the PL spectra. Note that only the shape of f(Eg) has a physical meaning, since many 

constants have been disregarded in the derivation. 

From this model, it is clear that the peak energy of the PL is due to the balance 

between the increasing/i^^^ and the decreasing (Eexc -Ep factors. The width of the peak is 

158 



determined hyf(Eg), i. e., the distribution of the cluster gap values. 

Fig. 4.8 shows the comparison of normalized distributions of cluster gaps of 

samples A to D calculated by using Eq. (4.6). For samples A to C, f(Eg) is an ever 

increasing function in the energy range from 1.7 - 3.0 eV. For sample D, f(Eg) rises 

rapidly initially then becomes saturated at about 2.6 eV. The red shift of the PL band from 

sample A to D can be understood with the help of the picture shown in Fig. 4.9, where 

f(Eg) is the distribution of cluster gaps, Emm is the minimum gap value, and Eexc is the 

excitation energy. The area under the curve between £„„ and Eexc (Ai) represents the total 

number of clusters which absorb light and give rise to photoluminescence. The area under 

the curve between two arbitrary band gaps Ei and E2 (A2) represents the number of 

clusters having band gaps between Ei and E2 involved in the PL process. The ratio of 

A2/A1 is the fraction of clusters having band gaps between Ei and E2 contributing to the 

total PL intensity. If the fraction of clusters having smaller band gaps involved in the PL 

process increases, the PL peak tends to shift to the lower energy. From Fig. 4.8, one can 

see that the fraction of clusters with smaller band gaps involved in the PL process is larger 

for sample D compared with other samples. Therefore the overall PL peak shifts to the 

red. 

The broadening of PL band width with larger Tauc gap can be understood in the 

following way. Since a-C:H has a distribution of cluster gaps, broadening of the band tails 

is no longer the main factor accounting for the shape of the PL band. Instead, the shape of 

the PL band reflects the distribution of cluster gaps. With higher Tauc gap, the distribution 

of cluster gaps is broader. To illustrate this idea, suppose a-C:H sample has a distribution 
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Figure 4.8: Comparison of normalized distributions of cluster gaps of samples A to D. 
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of sp^ clusters with a minimum band gap of En,i„ (corresponding to the largest cluster size) 

and a maximum band gap of £',^ (corresponding to the smallest cluster size). Since the 

Tauc gap represents the average value of the cluster gap distribution, we expect that the 

larger Etauc becomes, the larger {Emax-Emm) will be. Hence, the distribution becomes 

broader with larger Tauc gap. In other words, with a larger Tauc gap, a broader 

distribution of cluster gaps takes part in the PL process resuking in broader band width. 

Now we would like to present the effect of excitation energy on the PL spectra of 

our sample. We expect this effect on a-C:H to be different from that on a-Si:H films. In a-

Si:H, the PL band with a peak at 1.3 eV and 0.3 eV FWHM is attributed to tail to tail 

transition [15]. When the excitation energy is smaller than the band gap, the PL band shifts 

to lower energy without changing the shape of the spectrum (see Fig. 4.10) [23]. When 

the excitation energy is smaller than the PL peak energy, the whole PL band appears 

above the excitation energy and a second peak at 0.8 eV shows up due to radiative 

tunneling of band tail carriers into dangling bond defect states. 

Fig. 4.11 shows PL spectra of sample D excited with six different excitation 

energies in the 2.31 to 3.82 eV range. At excitation energies above 3.4 eV, the spectra are 

practically identical, with peak energies at 2.36 eV and FWHM of 0.75 eV. When the 

excitation energy is decreased below 3.4 eV, the PL peak shifts to lower energy and the 

PL shape is deformed through a cut-off of the high energy region. As a result, the PL 

bandwidth is reduced. The plot of the PL peak position vs. excitation energy is shovm in 

Fig. 4.12. We also observed a photoluminescence tail at energies higher than the 

excitation energy. This effect is demonstrated in Fig. 4.13 which shows the PL spectrum 
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for sample D with an excitation energy of 2.42 eV. The arrow indicates the position of the 

excitation energy. One can see that this spectrum contains an emission tail at photon 

energies higher than Eexc. Our results are similar to that observed by Chernyshov [24], 

who studied the excitation energy dependence of the PL of a-C:H. They explained the red-

shift and narrowing of the PL band in terms of an inhomogeneous system containing 

narrow band gap light emitting grains in a wide band gap matrix [24]. With a decrease in 

excitation energy, a smaller part of the grains absorb light resulting in a narrow PL 

spectra. In the viev^oint of Robertson's theory, we believe that these narrow band gap 

light emitting grains correspond to the sp̂  clusters embedded in a sp' bonded matrix. 

We can explain the excitation dependence of the PL in terms of the distribution of 

the cluster gap \2\\xQsf(Eg). For simplicity, we assumed/(^^^ is an increasing function with 

cluster gap Eg from En,i„ to E^ax (see Fig. 4.14). For our sample D with a Tauc gap of 2.6 

eV, we expect that the E„ax occurs between 3.0 - 3.4 eV. This was confirmed 

experimentally by the fact that the PL spectrum does not shift when the excitation energy 

is higher than 3.4 eV. For excitation energies less than Emax, the shaded area in Fig. 4.14 

represents the proportion of clusters involved in the recombination process. As Eexc 

decreases, a progressively smaller portion of the clusters absorbs light and gives rise to the 

photoluminescence. As a result, the intensity on the high energy side of the spectrum 

drops significantly, while that on the low energy side stays almost the same. Therefore the 

PL band becomes narrower. The red-shift of the PL peak with decreasing Eexc is expected, 

because the total number of clusters involved in the PL process decreases, which in tum 

increases the fraction of clusters with smaller band gaps involved in the PL process. Our 
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explanation is valid for PL spectra with excitation energies below Emax- If the excitation 

energy is above Emax, all photogenerated carriers will thermalize to Emax before 

participating in the radiative recombination process. Therefore all clusters get involved in 

the PL process. Hence, the shape of the PL spectrum does not change when the 

excitation energy is larger than 3.4 eV. 

The clusters with band gap equal to or slightly larger than Eexc absorb photons by 

exciting the carriers from the valence band tail to the conduction band tail in the cluster. 

From these tail states, the carriers are thermally excited to the conduction and valence 

bands. From there, they recombine radiatively producing a luminescence tail as shown in 

Fig 4.11. This model is supported by Chernyshov et a/.'s [24] observation that the PL 

intensity of the high energy tail decreases drastically when the temperature is lowered from 

293 K to 77 K. 

4.4 PL Decay measurements 

Time resolved PL is an important technique for studying recombination kinetics. 

Extensive PL decay studies on a-Si:H and a-SixCi.x:H [21,25] show that after excitation, 

the carriers thermalize in their respective band tails from which the majority of them 

recombine by radiative tunneling with carriers in the other band tail or by non-radiative 

tunneling via defect states. The distribution of this tunneling assisted decay rate peaks at 

1x10"̂  s [26]. A small portion of the thermalized electrons and holes form excitons in 

which the electron forms a hydrogenic state around the hole [27]. In a-Si:H, three decay 
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times xi=0.8±0.2 ns, T2=3.8±0.5 ns, 13=18.0+3.0 ns, correspondingly related to excitonic 

recombination were obtained [25], when PL decay in 0.1 ns to 50 ns scale was analyzed 

by the fast analog technique. A distribution corresponding to tunneling assisted 

recombination was also present which was responsible for a long lived tail in the PL decay 

curve. With increasing concentration of carbon, the contribution from the tail decreased 

and it disappeared completely for a-C:H films. We will now present the PL decay studies 

of samples A, B, C and D and discuss the resuhs. 

Fig. 4.15 shows the PL decays of samples A, B, C and D in 0 - 25 ns scale at 2.07 

eV emission energy when the samples were excited with 3.2 eV photons. The lifetime 

distribution for sample A at 2.07 eV emission energy when the sample was excited with 

3.2 eV photons is shown in Fig. 4.16. The mean lifetimes corresponding to three 

distribution were 0.9+0.1 ns, 3.7±0.2 ns, and 19.0+2.0 ns. Table 4.4 presents the mean 

lifetimes and percentage contributions of the three components for samples A, B, C and D. 

It is interesting to note that the three lifetimes we have obtained for sample A are 

very similar to the ones in a-Si:H [25], akhough the relative contributions of these 

lifetimes are different. This clearly indicates that the basic recombination kinetics in both 

samples is very similar. In the past, we have studied the PL decays in a-C:H (Eg= 2.7 eV) 

prepared by electron cyclotron resonance (ECR) plasma system and a-C:H (Eg = 1.95 eV) 

prepared by magnetron sputtering [21]. The lifetimes for ECR deposited a-C:H were 

0.55±0.1 ns, 1.62+0.2 ns, and 7.24±1 ns [28], whereas for sputtered a-C:H, we obtained 

only two lifetimes, 0.36+0.1 ns and 1.1±0.1 ns [21]. Even though the lifetimes for sample 

A were very similar to that for a-Si:H, the effect of exchation energy and emission energy 
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Figure 4.15: The PL decays of samples A, B, C and D in 0 - 25 ns scale at 2.07 eV 
emission energy when the samples were excited with 3.2 eV photons. 
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Table 4.4: Summary of PL decay curve fitting results of samples A, B, C and D 
(xi, T2, T3 are lifetimes. Pi, P2, P3 are their corresponding percentage contributions). 

Sample 
ID 

A 

B 

C 

D 

Excitation 
energy 
(eV) 

3.2 

3.2 

3.2 

3.2 

Emission 
energy 
(eV) 

2.07 

2.07 

2.07 

2.07 

(ns) 

0.90 

0.83 

0.92 

0.90 

Pi 
(%) 

25.6 

33.7 

42.0 

45.0 

T2 
(ns) 

3.70 

3.70 

3.11 

3.20 

P2 
(%) 

59.1 

58.6 

50.0 

51.1 

T3 
(ns) 

19.0 

16.8 

15.7 

19.4 

P3 
( % ) 

15.3 

7.7 

8.0 

4.0 
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on PL decay kinetics was quite different. In the following, we will first discuss the origin 

of these lifetimes, and then study the effect of various experimental parameters mentioned 

above on PL decay kinetics. 

In a-Si:H, long lived emission (> 100 ns) has been characterized [29] as a radiative 

tunneUng process between localized electrons and holes whose rate is given by 

v = V, exp(-2i?//^) (4.7) 

where R is the separation and Ro is the extent of the larger of the two wave functions. The 

radiative prefactor Vi is assumed to be ~ 10* s"̂  and Ro is of the order of 10-12 A. Since 

the fast three decay rates in a-Si:H [25] are comparable or faster than 10* s"\ the 

separation between an electron and hole must be comparable to or smaller than the wave 

function extent Ro according to radiative tunneling model [26]. The overlap of the 

electron and hole wave functions can be large in this situation, and their movements can be 

correlated due to Coulomb interation. Since the tunneling model breaks down in this limit, 

a bound exciton picture may be more realistic. The dielectric constant of a-C:H (k ~ 4) 

films is much lower than that of a-Si:H (k ~ 12) which resuhs in a strong Coulomb 

interaction and a decrease in the electron-hole separation in a-C:H films. This enhances the 

probability of excitonic recombination drastically over the tunneling assisted 

recombination and hence, no long lived tail is observed in a-C:H films. Absence of 

tunneling can be explained based on the presence of clusters also. As we have mentioned 

before, a-C:H contains sp' and sp^ sites, writh sp^ sites segregated into clusters embedded 

in a sp' bonded matrix [14]. Since CT-G* transitions occur both in sp'- and sp^- bonded 

174 



carbon at energies > 6 eV [14], in the present experiments, the absorption and emission 

processes take place only in sp̂  bonded carbon through n-n* electronic transition. So, 

with the absorption of light, bound excitons are formed in segregated sp^ clusters with no 

possibility of tunneling of carriers between clusters through sp'- bonded sites resulting in 

exciton formation and fast radiative recombination. 

Kivelson and Gelatt [27] have worked out the theory of bound excitons in 

amorphous semiconductors with an asymmetric density of band tail states as in a-Si:H. 

According to them, the radiative recombination rate is given by 

>fk32e^(o'rl 
^r= .fe 3 3 ( 4 .8 ) 

provided the hole is extremely localized. Here k is the dielectric constant, e is the 

electronic charge, c is the speed of light, co is the frequency of the emitted radiation, and r/, 

and re are the radii of the hole and electron wave functions. In a-C:H, the band tails are 

much broader compared to a-Si:H and are symmetric [6]. This implies that both electrons 

and holes are extremely localized in a-C:H. In this case, Eq. (4.8) should be modified 

accordingly. Since we are interested in studying the trends only, we used Eq. (4.8) to 

obtain the electron and hole wave function radii for our samples. According to the 

assumptions of the model, we assumed that the electron wave function radius is the same 

in all three cases and it is the hole wave function radius which changes. If we choose for 

sample A ^Jk=l.S, fico=2.01 eV and rc= 2 A, then the three mean radiative decay rates 

starting from the largest rate correspond to hole wave function radii of 1.79 A, 1.35 A 
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and 0.97 A, respectively. Since these numbers are of the order of one nearest neighbor 

distance, the holes are very localized as required by bound exciton theory. Since the 

largest hole wave fiinction corresponds to the least localized holes, the hole states 

corresponding to rh= 1.79 A should be closest to the valence band. This implies that the 

excitons formed by shallowest holes will have the fastest decay time. 

The lifetimes of the bound excitons in a-C:H are similar to those in a-Si:H, because 

the smaller dielectric constant of a-C:H in Eq. (4.8) is compensated by the larger ratio of 

hole and electron wave function radii. The percentage contributions of shorter 

components are larger in a-C:H compared to a-Si:H, because the electron-hole pairs form 

bound excitons predominantly in shallower tail states in a-C:H. Since a-C:H consists of sp̂  

clusters with different optical gaps, the effect of excitation and emission energy on exciton 

recombination kinetics is expected to be different from that on a-Si:H. Fig. 4.17 shows the 

PL decays from sample D at three emission energies (2.76, 2.07 and 1.66 eV) when the 

sample is excited with 3.2 eV photons. The PL decay is fastest at 2.76 eV. It becomes 

slower at 2.07 eV and then becomes slightly faster again at 1.66 eV. In a-Si:H, the PL 

decay becomes slower with decreasing emission energy, because the longest lived 

component dominates at lower emission energies [25]. In the case of sample D, two 

lifetime distributions with mean lifetime of 0.8+0.1 ns and 3.1+0.2 ns v t̂h 68% and 32% 

contribution were obtained at the 2.76 eV emission energy. At this energy, emission takes 

place only from the clusters with the largest band gaps and emission is dominated by 

recombination from shallower excitons with faster decay times. As the emission energy 
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Figure 4.17: The PL decays from sample D at three emission energies ( 2.76, 2.07 and 
1.66 eV) when the sample is excited v t̂h 3.2 eV photons. 
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decreases, a large number of clusters with different optical gaps participate in the emission 

process. Hence, the lifetime distribution will depend on the distribution of cluster gaps. 

We have also studied the effect of excitation energy on PL decay kinetics. Fig. 

4.18 shows the PL decays from sample D at 1.66 eV emission energy when the sample 

was excited with three different energies (3.2, 2.48 and 2.04 eV). The PL decay curves 

were identical for all the excitation energies. This behavior can be explained by using the 

same model we used previously to explain excitation energy dependence of cw PL spectra 

(see Fig. 4.14). As the excitation energy Eexc decreases, clusters with optical gaps larger 

than Eexc do not absorb light. Thus the intensity of high energy side of the cw PL spectra 

reduces considerably, while the low energy side of the PL spectra remains almost the 

same. The emission energy 1.66 eV at which the PL decay curve has been measured, the 

cw spectrum does not change much. The radiative centers participating in the 

recombination process at 1.66 eV are same for all excitations producing identical PL 

decay curves. 

Now we would like to discuss the effect of film properties of samples A, B, C and 

D on exciton lifetimes. As can be seen from Table 4.4, the percentage contribution of the 

shortest lifetime increases from 25.6% for sample A to 45% for sample D. The percentage 

contributions of the two long lived components decreases considerably for sample D 

compared to sample A and the lifetimes were shortened. In the past, it was found that the 

lifetime of a component with less than 5% contribution is not reliable with our fast analog 

technique by testing many organic dye mixtures with known lifetimes. Hence, T3 with 4% 
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Figure 4.18: The PL decays from sample D at 1.66 eV emission energy when the sample 
was excited with three different energies (3.2, 2.48 and 2.04 eV). 
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for sample D shown in Table 4.4 may not represent the correct lifetime for that 

component. According to Eq. (4.8), the excitonic radiative recombination rate depends on 

the dielectric constant of the film, as well as, on electron and hole wave function radii. 

However, the radiative rates were the same for a-Si:H and for sample A even though there 

is a large difference in their dielectric constant values. As mentioned before, we have 

obtained shorter lifetimes for ECR deposited a-C:H and magnetron sputtered a-C:H films. 

We can explain the shortening of exciton lifetimes in a-C:H using the distribution of 

cluster gaps model. 

The observed lifetime for competing radiative and non-radiative processes is given 

by 

1 1 1 
- = —+ — (4.9) 

where Xr and Xnr are radiative and non-radiative lifetimes respectively. In a-C:H, we can 

assume the presence of two types of clusters. The small size clusters with large optical gap 

(> 1 eV) can be called radiative centers in which excitons recombine radiatively v t̂h 

lifetime Xr. The highly disordered large size clusters with small optical gaps (< 1 eV) can 

be called non-radiative centers in which carrier recombination takes place non-radiatively. 

The decrease in the Tauc gap implies an increase in the distribution of large size clusters 

acting as non-radiative centers. Some of these centers will be in the close vicinity of 

radiative centers and may act as non-radiative channel for excitonic recombination 

reducing their overall lifetimes. For sputtered a-C:H with an optical gap of 1.95 eV, we 

observed only two lifetimes, 0.36±0.1 ns and 1.1±0.1 ns [21], which are much shorter than 
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the lifetimes of the three components for sample A. Once again, the smaller the band gap, 

the larger the distribution of large size non-radiative clusters, and the excitonic lifetimes 

will be shortened due to an increase in the non-radiative recombination rate. This could be 

the reason for the decrease in the PL efficiency when the average optical gap of a-C:H film 

is decreased. 

4.5 Conclusions 

We have studied the IR, optical absorption and photoluminescence of a-C:H and 

its alloys. IR Spectra are analyzed in detail and the peak position assignments are based on 

the data published in the literature and calculation of the normal mode vibrational 

frequencies by assuming a simple force field and linear molecular model. It was found that 

when N2 is incorporated into carbon films, olefinic C=C stretching mode becomes IR 

active due to symmetry breaking. When NF3 is introduced in the precursor gas, C-F 

related modes show strong absorption indicating significant amount of fluorine 

incorporation in the carbon film. As the concentration of nitrogen and fluorine increases, 

the ratio of spVsp' increases, while the hydrogen concentration decreases. From optical 

absorption, optical band gaps and Urbach energies were obtained. It was found that as the 

concentration of nitrogen and fluorine increases, Tauc gap decreases and the Urbach 

energy increases indicating doping induces defect states within the gap. These results were 

explained in terms of the model proposed by Robertson [14]. According to this model, a-

C:H contains both sp' and sp̂  sites, with sp̂  clusters embedded in a sp' matrix. The role of 

181 



nitrogen is to substitute sp' carbon atoms and acts as a bridging atom between clusters, 

resulting in an increase in cluster size, hence the reduction of Tauc gap and an increase in 

defect density. It was speculated that fluorine in a-C:H films also somehow increase the 

cluster size despite the doping mechanisms of nitrogen and fluorine are different. The role 

of fluorine is to replace hydrogen and to form stronger C-F bond. 

For cw PL measurements, we have studied the effects of material properties (Tauc 

gap, Urbach energy), and excitation energy on the PL peak position and band width. The 

PL peak shifts to lower energy and the band width is narrowed with the decrease in Tauc 

gap. For excitation dependence of PL measurements, if the excitation energy is below 

maximum cluster gap Emax in the sample, PL peak shifts to lower energy and the PL band 

width is reduced through a cut-off of the high energy region. If the excitation energy is 

above Emax, PL becomes saturated and the shape remains almost the same. These results 

were explained by the model proposed by Demichelis et al. [22]. According to this model, 

an energy distribution of PL centers exists in a-C:H films. From PL and optical absorption 

spectra, the distribution function of cluster gaps/(^^) was obtained. The PL peak position 

and the band width can be determined hy f(Eg). The area under the curve of f(Eg) 

represents the proportion of clusters involved in the PL process. Broadening of the band 

tails is no longer the main factor accounting for the shape of the PL band. Instead, the 

shape of the PL band reflects the distribution of cluster gaps. We also observed a PL tail at 

energies higher than the excitation energy. This is due to the thermal excitation of carriers 

generated in clusters with band gap slightly larger than excitation energy. 
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For PL decay measurements, three mean lifetimes, 0.910.1 ns, 3.7±0.2 ns and 

19.0±2 ns were obtained for a-C:H. These three lifetimes are very similar to the ones in a-

Si:H. This implies that the basic recombination kinetics in both materials is very similar. 

Therefore the recombination kinetics of a-C:H can also be explained using the bound 

exciton picture. However, since a-C:H consists of a distribution of sp̂  clusters with 

different optical gaps, the effects of excitation and emission energy on exciton 

recombination of a-C:H are different from that on a-Si:H. PL decay at low emission 

energy does not change with different excitation energies. This correlates very well with 

the cw PL measurements in which the low energy side of the cw PL spectra remains 

almost the same with different excitation energies. 

Overall, we have shown that combined study of optical absorption, Raman 

spectroscopy, cw PL and time-resolved PL can be very useful in understanding the 

microscopic properties of a-C:H films. 
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CHAPTER V 

ANTIFUSE APPLICATIONS OF AMORPHOUS CARBON 

In this chapter, we will first study the antifiise characteristics of a-Si:H and its 

switching problems. Then we will study the antifuse characteristics of a-C:H and its alloys 

(a-C:H,N,F), and the comparison with a-Si:H antifuse. Finally, a new model is proposed to 

explain the breakdown mechanism and ON-state reliability in a-C:H antifuses. 

51 a-Si :H Antifuses 

The a-Si:H samples used for antifuse studies were prepared using standard 

PECVD method in Texas Instruments. The a-Si:H samples were deposited on c-Si 

substrates coated with TiW which serves as the bottom contact. Two samples were used 

for I-V characteristics study. One is intrinsic a-Si:H with 17% H, the other is a-Si:H 

sample annealed at 450°C with 4.8% H. For switching study, only the annealed sample 

was used. The thickness of both a-Si:H samples are 1200 A. To study the effect of top 

contact on the performance of the antifuse, four metals, TiW, Cu, AI, and Au, were used. 

The area of the TiW top contact is about 100 pm^ and the area of the Cu, Al and Au top 

contact is about 0.25 mm . The experimental setup is shown in Fig. 2.20. 

5.1.1 I-V characteristics 

Fig. 5.1 shows the I-V curves of the intrinsic a-Si:H sample with Al, Au and Cu 

top contacts. The bottom contact for all the device was TiW. Fig. 5.2 shows the I-V 
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curves of the annealed a-Si:H sample with Al, Au and Cu top contacts. In these figures, 

positive polarity of the voltage source is applied to the top contact. From these figures, we 

can see that I-V curves for intrinsic a-Si:H are not symmetric and depend on the top 

contact material, whileas for annealed a-Si:H I-V curves are symmetric and almost 

independent of the top contact material. Leakage current of the annealed samples is higher 

than that of intrinsic samples by 2 orders of magnitude. These characteristics can be 

explained by the model of Schottky and ohmic contacts. 

A schematic diagram of a metal Schottky contact on a semiconductor is shown in 

Fig. 5.3 [1]. When electrical contact is made between a metal and a semiconductor having 

different work functions, OA/ and O5, the Fermi energies must coincide. The alignment is 

achieved by the transfer of charge from one side of the interface to the other resulting a 

depletion (space charge) layer. The barrier is characterized by the barrier height, Og, the 

built-in potential, VB, and the depletion layer width, W. An ideal Schottky contact has a 

barrier height and built-in potential given by 

^B=^u-'i's. eF= 0 ) ^ - 0 , (5.1) 

where ^ s is the electron affinity, defined as the energy separating the conduction band 

edge and the vacuum energy. 

The ideal Schottky barrier is rarely observed. Departures from the simple model 

invariably depend on the nature of the semiconductor-metal contact. In other word, I-V 

characteristics depends on the quality of a-Si:H and the work functions of metals. Any 

additional dipole charge at the interface adds a potential difference across the junction. A 
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Figure 5.1: The I-V curves of the intrinsic a-Si:H sample with Al, Au and Cu top contacts. 
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Figure 5.2: The I-V curves of the annealed a-Si:H sample with Al, Au and Cu top 
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very thin barrier is transparent to electrons and causes an apparent reduction in the barrier 

height. If the surface state density is very large, the Fermi level at the interface is pinned 

above the conduction band edge. As a resuh, any metal on a-Si:H will form an ohmic 

contact [2]. 

For intrinsic a-Si:H, because of high H% (17%), the defect density of the buck and 

at the interface is very low due to hydrogen passivation of dangling bonds. Because 

Schottky barrier exists on both bottom contact and top contact, the antifuse device shows 

back to back Schottky barrier effect. Since top and bottom contacts are of different 

metals, the Schottky barrier heights are different, resulting in non-symmetric I-V 

characteristics (Fig. 5.1). 

When the sample is annealed to 450°C, a huge amount of hydrogen is released via 

hydrogen evolution. So the buck and interface defect density is significantly increased. 

Therefore, all the top and bottom metal contacts form ohmic contacts Therefore the 

Schottky barrier height is independent of metals. So the I-V curve is symmetric and 

independent of top or bottom contacts. 

Since the band gap of a-Si:H decreases slightly with the decrease in hydrogen 

concentration [3], the conductivity increases for the annealed samples.. Therefore the 

intrinsic a-Si:H shows a lower leakage current. 

5.1.2 Antifuse characteristics 

Fig. 5.4 shows the breakdown process of the TiW/a-Si:H/TiW antifuse. The 

breakdown vohage is about 11 ± 1 V or the dielectric strength is about 9.0 x 10̂  V/cm. 
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The I-V characteristics of the programmed antifiise is shown in Fig. 5.5. After the antifuse 

is broken down, it changes from a high resistance state (OFF-state) to a low resistance 

state (ON-state). It can be switched back to the OFF-state by applying a negative voltage 

(current). The switching occurs at about -1 V for this device as shown in Fig. 5.5. Then 

the device can be broken down again at a lower voltage (2.5 V for this device). This cycle 

can be repeated many times. This is the typical behavior of memory switching. The 

breakdown process of a virgin device is called the forming process. After forming process, 

the device can be broken dovm at a lower voltage, indicating a structural change in the 

device. The second characteristics of a memory device is filamentary conduction. Fig. 5.6 

[4] shows the ON-state and OFF-state resistances as functions of the area of the device. 

The OFF-state resistance scales inversely with area, as would be expected for a uniformly 

conducting materials. The ON-state resistance, however, is independent of area, indicating 

conduction in a single small filament. The existence of the filament was confirmed by 

overcoating a device with liquid crystal, which is sensitive to the heat developed by the 

current flow. These measurements found the filament size to be only 0.5 pm [1]. 

Although the ON-state resistance is independent of device area under the same 

breakdown conditions, it depends on the programming current. Fig. 5.7 shows the ON-

state resistance, Ro„, vs. reciprocal of programming current, ///;,, for the device TiW/a-

Si:H/TiW. From this plot, one can see that the ON-state resistance is inversely 

proportional to the programming current, i.e., 

Ro, = VflI, (5.2), 
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Figure 5.4: The breakdown process of the TiW/a-Si:H/TiW antifuse. 
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where ^ i s called the characteristic voltage of the antifiises. From this plot, we estimated 

the characteristic vohage for a-Si:H antifiise is about Vf= 0.75 V. 

In order to study the switching behavior further, we also investigated the 

relationship between switching current and the programming current. Fig. 5.8 shows the 

plot of the switching current vs. the programming current for TiW/a-Si:H/TiW device. 

Cjenerally speaking, the switching current increases with the programming current. 

Misium, Wang and Tigelaar obtained a 1:1 relationship for switching to programming 

current for oxide-nitride-oxide (ONO) between polysilicon and polycide plates (Fig. 5.9) 

[5]. 

There have been many models to explain the breakdown and switching mechanism. 

Among them are mass transport model [5], quantum wires model [6], current transport 

model [7] and recently electro-thermal model [8]. In the simple mass transport model, our 

observed results can be explained qualitatively in the following way. When breakdown 

occurs, filament is formed by the transportation of metal into the dielectric. The 

breakdown current determines the amount of material transported into the dielectric 

during breakdown. In other words, the filament diameter is directly proportional to the 

current applied during breakdown. Thus ON state resistance is inversely proportional to 

the programming current. Conversely, under stress the filament undergoes a wear out 

process similar to electromigration in that the electrons transfer momentum to the atoms in 

the filament structures. Since both mechanisms are proportionally dependent on current, 

switching current increases as the programming current increases. 
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Recently, Zhang et al. developed an electro-thermal model for Metal-Oxide-Metal 

antifuses [8]. The following is the brief description of this model. During programming, 

the antifuse material is broken down at a certain weak point by the high vohage impact. 

As the progranmiing current flows through the breakdown spot, it generates large Joule 

heat around the breakdown spot to raise the temperature to above the reaction 

temperature of metal and antifuse material. Then a conductive channel (filament) is formed 

through the reaction between metal and antifuse material. This process is depicted in Fig. 

5.10 [8]. Here, they used another term for conductive channel, core. Outside the core, it 

remains metal; inside the core, it is the reaction product of metal with antifuse material, 

i.e., metal oxide and metal silicide. The ON-state resistance is determined by the size of 

the core. Then they modeled the above system as a conductive system, in the middle of 

which, there is an infinetely large thin insulating layer with a circular hole of radius, ro, and 

solved for the core radius, re, from the basic thermal transport equation 

V[K(T)VT(r)] = -p(T)-J{r)' (5.3), 

where T{r) is the temperature field at position r, J{f) is the current density at position r, 

K{T) and p(7) are the thermal and electrical conductivities of the conductive medium, 

respectively. By assuming a spherical core and all equapotentials are concentric, an 

analytical solution for the core radius is obtained. 

' • . = ^ , 

-1-1 

i <rO K{T)dT 

li^i TKiTMT) 
2^ 

dT 
(5.4), 
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Figure 5.10: The current flow and temperature profile of an antifuse during programming. 
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where V is the applied vohage, Tco is the temperature at the core boundary, and Ta is the 

ambient temperature. Since the fiinctional form of Eq. (5.4) is complicated, they 

approxiamted the above equation by assuming that heat is solely generated inside the core 

since the current density is the highest around it. Thus, the temperature field can be easily 

obtained by solving the heat transfer equation (5.3) by integration over volumn, i.e., 

r ( . ) . ^ . 7 ; = A : ^ + r . (5.5), 

where /Q îs the effective thermal conductivity, which is introduced to match Eq. (5.5) to 

(5.4). Hence, the core radius can be approximated as 

rc=L (5.6). 

Thus, the core radius is proportional to the programming current. The proportionality 

constant is determined by the properties of electrodes and antifuse materials. 

The ON-state resistance is the sum of the core resistance and the upper and lower 

electrode spreading resistances (see Fig. 5.11). The core resistance is given by [8] 

Rc=— (5.7), 
^c 

where pc is the electrical resistivity of the core material. The spreading resistance is given 

by 

Rs = Rs(MPP^r) + RsQower) = 2 • - ^ = ^ (5.8), 
2;zr, Ttr^ c c 
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Figure 5.11: The ON-state resistance is the sum of the core resistance and the upper and 
lower electrode spreading resistances. 
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where A is the electrical resistivity of the electrode material. Therefore, the ON-state 

resistance is 

Ro„=K+Rs- —+—o^-oc-^ (5.9). 

^c ^c r^ h 

Therefore, the ON-state resistance is inversely proportional to the programming current. 

This can be understood that as the programming current increases, more heat is generated 

and the core expands. Therefore the ON-state resistance becomes smaller. This depicts a 

similar picture as the mass transport model. 

The above electro-thermal model was further simplified and was used, with the 

application of the Weidemann-Franz Law, to estimate the temperature at the core 

boundary. The Wiedemann-Franz Law states that for a great number of metals, the ratio 

of the thermal conductivity and the electrical conductivity is proportional to temperature, 

v^th a proportionality constant which is to a fair accuracy the same for all metals [9], that 

is, 

^ ^ = Zr (5.10), 
G{T) ^ 

where L is the Lorentz number, which has the value of 2.45 x 10" W-^/K . 

For estimation, the resistivities of the core material and the electrode material are 

assumed to be the same so that Pc=Ps=p. And for simplicity, the effective thermal 

conductivity, Kgff, is assumed to be the same as the thermal conductivity of the electrode, 

K. Therefore the ON-state resistance is 
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/ . ,„ .^=- i_ .M-z; ) . - . !Z (5.11). 
^c ^c^ Vfl^ a I^ 

From Eqs. (5.10) and (5.11), we obtain. 

From the characteristic vohage of the a-Si:H antifuse, we estimated the 

temperature at the core boundary (reaction temperature) to be about 2400°C. This value is 

somewhat overestimated, because we oversimplified the model. Zhang et al. obtained 

P^O.53 V for oxide antifuse (M/O/M) [10]. The reaction temperature estimated from the 

Eq. (5.12) is about 1700°C [10]. However, they also estimated this temperature from 

another more reliable approach and obtained 1300°C [8]. Although both methods provide 

a simple way to estimate the reaction temperature, there is a large statistical variation of 

the estimated reaction temperature. 

According to this electro-thermal model, the switching behavior of a-Si:H antifuses 

can be understood in the following way. After breakdown, a conductive core of radius r îs 

formed and cooled down. Under normal operation, if the reading current is smaller than 

the programming current, the high temperature region inside the core is small. When the 

read current reaches the programming current, the whole core becomes hot again. When 

the read current is larger than the programming current, the core can either begins to grow 

or be melt away. From the switching problem of a-Si:H antifuses, the core has more 

probability to be melt away. Therefore, switching occurs at the switching current equal or 

larger than the programming current. 
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5.2 a-C:H antifuses 

The a-C:H antifuses studied here were made on silicon substrates coated with 

1000 A TiW, which serves as the bottom electrode. Then, a 1000 A thick a-C:H (same as 

Sample A in Chapter IV) or 2000 A thick a-C:H,N,F (same as Sample D in Chapter IV) 

was deposited by a rf PECVD system in the University of Arkansas. Finally, around 1000 

A of aluminum was deposited as the top electrode with a dot patterned shadow mask. The 

size of the antifuse studied here is about 100 pm x 100 pm. 

Fig. 5.12 shows the I-V characteristics of the TiW/a-C:H/Al and TiW/a-

C:H,N,F/Al antifuses. The breakdown vohage for 1000 A a-C:H is about 3.5 V and that 

for 2000 A a-C:H,N,F is about 7.0 V. The breakdown vohage appears to be linearly 

proportional to the carbon film thickness and the dielectric strength is about 3.5 x 10̂  

V/cm. 

The dependence of the ON-state resistance on the programming current is shown 

in Fig. 5.13. From this plot, one can see that the ON-state resistances of a-C:H and a-

C:H,N,F antifiises are also inversely proportional to the programming current. We 

obtained the characteristic voltage Fy=0.064 V for a-C:H and F/=0.092 V for a-C:H,N,F 

antifuses. These values are much smaller than the Vf= 0.53 V reported for M/O/M 

antifuses [10] and P^O.75 V for our a-Si:H antifuses. 

The properties of a-C:H and a-C:H,N,F antifiise devices are Hsted in Table 5.1. For 

the sake of comparison, we have also listed the properties of a-Si:H antifiises in the Table. 

The a-Si:H films were annealed at 450°C. For a-C:H and a-C:H,N,F antifiises, the 

relatively lower values of OFF-state leakage current, ON-state resistance, dielectric 
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constant, and breakdown voltage compared to those for a-Si:H antifuses, make these 

devices very attractive for fiiture generation FPGAs. Most importantly, we have not 

observed any ON-OFF switching behavior when the programmed devices are stressed 

with the currents higher than the programming current. This behavior makes the a-C 

antifuses' ON-state rehability superior than that of a-Si:H antifiises. 

Although the characteristics of both a-C:H and a-C:H,N,F antifuses were similar to 

each other, the a-C:H,N,F films showed better thermal stability than the a-C:H films [11]. 

It was found that the a-C:H films were not thermally stable above 200°C and converted to 

low resistivity graphitic films. Incorporation of fluorine and nitrogen in a-C:H made the 

films thermally stable up to 400°C, probably because of the replacement of weakly bonded 

C-H by strongly bonded C=N and C-F in a-C:H,N,F films. 

From the characteristic voltage and Eq. (5.12), we estimated the temperature at 

the core boundary for a-C:H and a-C:H,N,F antifuses. We obtained Tco=227°C and 

Tco=317°C for a-C:H and a-C:H,N,F antifuses, respectively. Since these values are well 

below the melting points of the electrodes and dielectric material, we can argue that the 

breakdown mechanism for amorphous carbon antifuses may be different from that for 

M/O/M, and M/a-Si/M antifiises. 

In a-C:H a carbon atom can exert sp and sp hybridizations. The optical, electrical, 

and mechanical properties of a-C:H depend mainly on the sp /sp ratio and the hydrogen 

content of the films [12]. It is well known that heat treatment of a-C:H films leads to the 

evolution of hydrogen and causes structural changes. Bonded hydrogen is released 
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between 200 and 600°C [11,13,14]. In this temperature range, sp̂  carbon is transformed 

into sp carbon. Evidence of temperature induced graphitization has been provided by 

Raman spectroscopy [15], electron diffraction [16] and X-ray diffraction [17,18]. 

We believe that in a-C:H antifuses the relatively low current flowing through the 

breakdov^ spot during programming produces 200-400°C temperature, which is 

sufficient for the removal of hydrogen and converson of amorphous carbon into graphitic 

carbon with low resistivity resulting in conductive channel formation. So, the filament 

formation in this case does not require melting of metal and dielectric. This mechanism is 

also able to explain the ON-state stability of a-C antifiises. When the programmed device 

is stressed with the current, which is of the order of the programming current, the filament 

remains unaffected since the melting point of graphite is very high (3577°C) and prevents 

the ON-state to OFF-state switching. 

The mechanism of electric conduction for amorphous carbon is also different from 

other amorphous semiconductors, e.g., a-Si:H, a-SiNx:H and a-SixCi.x:H. In these 

amorphous semiconductors, the optical and mobility edges lie roughly at the same energy. 

So, the increase in the optical gap by alloying usually results in an increase in the mobility 

gap and an increase in the resistivity of the material. In the case of a-C:H, according to the 

model proposed by Robertson [12], a-C:H contains both sp̂  and sp̂  sites, with the sp̂  

sites segregated into clusters embedded in an sp bonded matrix. From this model, the 

optical gap is found to vary inversely with the sp̂  cluster size. The decrease in the 

bandgap with nitrogen (and fluorine) doping is related to the increase in the size of the 
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clusters in which nitrogen acts as a bridging atom between the clusters [19]. For a-C:H, 

the sp hybridized n states lie symmetrically about midgap. The gap of the sp̂  hybridized a 

phase is over 6 eV. It acts as a tunnel barrier between each n cluster and tends to localize 

n states within each cluster [12]. So, the optical band edges, Eopt, will depend primarily on 

the cluster size distribution, while the mobility edges, EM, will depend strongly on the 

width of the sp̂  barriers. Thus EM will exceed Eopt in the n states of a-C:H (see Fig. 

1.8(b)). This resuhs in a very low electric conduction through the hopping of carriers in 

the localized states [20-23]. The resistivity of a-C:H with 1.7 eV optical gap is 

approximately four orders of magnitude larger than that of a-Si:H with a similar optical 

gap. However, when the optical gap of a-C:H is changed from 1.7 eV to 3.1 eV by 

changing the deposition conditions or alloying, the resistivity does not change much, 

because of the unchanged mobility gap. 

5.3 Conclusions 

We have developed a new Metal-to-Metal antifiise with amorphous carbon as the 

dielectric. We proposed a new model for the breakdown mechanism of amorphous carbon 

antifiises. During programming, the heat generated by the current flowing through the 

weak spot converts amorphous carbon to a low resistivity graphitic phase and the 

conductive channel is formed. This model also explains the ON-state stability of 

amorphous carbon antifuses. 
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The amorphous carbon antifuses have the following properties which make them 

extremely useful for the development of new generation FPGAs. 

1. a-C:H antifuses have low OFF-state leakage current because the conduction of 

carriers takes place between sp̂  bonded clusters through an sp̂  matrix, which acts as a 

tunneling barrier. 

2.The dielectric constant of a-C:H is 3-4 times smaller than a-Si:H, which will 

reduce the capacitance and hence reduce the RC delays. 

3. ON-state stability and a factor of three lower breakdown voltage for a-C:H 

antifuses compared to a-Si:H are the most attractive properties for a-C:H devices. 
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CHAPTER VI 

CONCLUSIONS 

6.1 Conclusions 

In this work, we have demonstrated our ability to produce DLC films using our 

microwave ECR deposition system. We have also deposited a-C:H films and nitrogen and 

fluorine doped carbon films (a-C:H,N,F) using rf PECVD system at the University of 

Arkansas. We have studied these films in great detail by various characterization 

techniques: FTIR, optical absorption, cw PL and PL decay, and Raman spectroscopy. 

Also we have fabricated Metal-to-Metal antifiises with a-C:H, a-C:H,N,F and a-Si:H as 

dielectric materials. We have studied the I-V and antifuse characteristics and evaluated the 

ON-state reliability of these devices. Finally, we have proposed a new model to explain the 

ON-state reliability of a-C antifiises. 

A-C:H films can be prepared by a variety of deposition methods. The properties of 

the films vary with the deposition conditions. Among these deposition conditions, ion 

bombardment energy plays the most important role. DLC films can be produced with 

medium range of ion energy. The incident ions with medium range energy cause the 

dehydrogenation of a-C:H. This also compresses the C-C skeleton into a dense phase, 

hence raising the sp̂  fraction and local density. For ECR plasma deposition system, the ion 

bombardment is enhanced by the negative self-bias of the substrate induced by the external 

rf-biasing. Without rf biasing, the film is a soft polymer-like carbon with a band gap of 2.9 
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eV. With the increases in rf bias power, the band gap of the film decreases and the film is 

transfomied to a hard diamond-like carbon with a band gap smaller than 1.7 eV. Both the 

band gap and the hydrogen content decrease whh the increasing in ion energy. 

A-C:H films with smaller band gaps do not have strong photoluminescence. 

Therefore, they can be easily characterized by Raman scattering. Two types of DLC films 

have been produced by ECR system under low and high pressures, repectively. Raman 

spectra of one type of DLC films deposited at low pressure consist of two distinguishable 

peaks centered at 1410 and 1580 cm'̂  (G), respectively. The G peak of this type is 

relatively sharp. Raman spectra of the other type of DLC films show a broad peak at 

around 1500 cm'\ which can be resolved into two peaks. The G peak of this type is very 

broad. 

A-C:H films with larger band gaps prepared by PECVD technique show strong 

photoluminescence. Our cw PL data supports the cluster model proposed by Robertson 

[1] that a-C:H contains both sp and sp sites, with sp clusters embedded in sp bonded 

matrix. The excitation dependence of PL measurements showed that if the excitation 

energy is below the maximum cluster gap Emax in the sample, PL peak shifts to lower 

energy and the PL band width is reduced through a cut-off of the high energy region. If 

the excitation energy is above Emax, PL becomes saturated and the shape remains almost 

the same. These results were explained by the model proposed by Demichelis et al. [2]. 

According to this model, an energy distribution of PL centers exists in a-C:H films. From 

PL and optical absorption spectra, we were able to calculate the distribution function of 
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cluster g&psf(Eg). From PL decays, three lifetimes, 0.9±0.1 ns, 3.7±0.2 ns, 19.0±2 ns 

were obtained for a-C:H. These results can be explained by the bound exciton model. Wih 

the absorption of light, bound excitons are formed in segregated sp̂  clusters with no 

possibility of tunneling of carriers between clusters through sp̂  barriers (>6 eV). 

A-C:H can be doped by nitrogen or fluorine using various mixtures of CH4, N2 and 

NF3 gases. From IR analysis, we found that as the concentration of nitrogen and fluorine 

increases, the ratio of spVsp̂  increases, while the hydrogen content decreases. The role of 

nitrogen is to substitute sp̂  carbon atoms and act as a bridging atom between sp̂  clusters. 

The role of fluorine is to replace hydrogen and to form stronger C-F bond. Both nitrogen 

and fluorine tend to increase sp̂  cluster size, hence decrease the optical band gap. The 

thermal stability of a-C:H,N,F is enhanced by the replacement of weakly bonded C-H by 

strongly bonded C=N and C-F. 

Since the mobility gap of a-C:H is much higher than the optical band gap, the 

mechanism of electric conduction for a-C:H is different from other amorphous materials, 

sp site act as a tunnel barrier between each sp cluster and tends to localize n states 

within each cluster. Therefore, carriers are confined in the sp clusters and conduction 

occurs through the hopping of carriers in the localized states. This results in a very low 

electric conduction. 

The a-C:H and a-C:H,N,F have been employed as the dielectric materials in the 

Metal-to-Metal antifuse devices. These devices have the following advantages over a-Si:H 

antifuses. The a-C:H antifuses have lower leakage current and lower breakdown vohage 
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than the a-Si:H antifiises. The a-C:H antifiise devices are faster than the a-Si:H antifiises 

because the dielectric constant of a-C:H is 3-4 times smaller than a-Si:H, which will 

reduce the capacitance and hence the RC delay. The ON-state reliability of a-C:H antifiises 

is superior to that of a-Si:H antifiises. To explain this superior ON-state stability of a-C:H 

antifuses, we proposed a new model for the breakdown mechanism of a-C:H. During 

programming, the heat generated by the current flowing through the weak spot relieves 

hudrogen from a-C:H and converts amorphous carbon to a low resistivity graphitic phase 

and the conductive channel is formed. Since this mechanism does not require the melting 

of the metal electrodes and the antifuse materials and the conductive channel is made from 

the stable graphitic phase, the ON-state of the antifuse is very stable. 

6.2 Recommemdations for fiirther studies 

We have used polymer-like a-C:H as the antifuse dielectric for Metal-to-Metasl 

antifuse application study. Although they show promising characteristics, they are soft and 

subject to chemical attrack. We chose this material because that was the material available 

to us at that time. Since we are capable of making DLC films at this time, it might be a 

good idea to study the feasibility of using DLC in antifuse application, because DLC films 

are hard and not subject to chemical attack. Furthermore, it might be even interesting and 

useful to dope DLC films with nitrogen and fluorine. 

Thermal stability is an important issue in CMOS process. In order to integrate our 

antifuse development into 0.6 micron CMOS process flow, thermal stability study of the 

film is necessary. Although the thermal stability of polymer-like a-C:H can be improved 
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from 200°C to 400°C by nitrogen and fluorine doping, they are still not suitable for 

CMOS process. Recently, it has been shown [3] that doping of a-C:H films with 5% 

silicon makes the films moisture insensitive and chemically inert and increases the thermal 

stability up to 650°C. It is worth a try to make silicon doped a-C:H using a mixture of 

methane and silane, then study its antifuse performance. The thermal stability of a-C:H can 

also be improved by lowering its hydrogen content [1]. Therefore, we believe DLC films 

might be more promising for the antifiise application. 

Although we have tested the ON-state rehability of the a-C:H antifiises, we have 

not studied the effect of stress on OFF-state leakage current and TDDB behavior of these 

devices. For the reliability issue of this new antifiise, further TDDB study is necessary. 

Also, our breakdown model needs to be confirmed by the composition analysis of the 

filament using high resolution transmission electron microscopy. 
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