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ABSTRACT 

This thesis describes the work on a-C:H thin films, including their 

preparation and characterization. It begins with introducing seme basic 

concepts such as sp\ sp̂ , sp̂ , their electronic structure, diamond-like carbon, 

and their applications to antifuse devices. Then, in Chapter II, film deposition 

techniques and characterization methods are presented in detail. The 

techniques of deposition consist of radio-frequency sputtering (r.f sputtering) 

and plasma-enhanced chemical vapor deposition (PECVD) systems. The 

methods of characterization are composed of optical absorption used to 

determine the band gap Eg, and infrared spectroscopy used to study C-C and C-

H bonding structures. Hew to measure self-biases and how to apply biases on 

anode are also contained in this chapter. In Chapter HI, the results of a-C:H 

films prepared by both r.f sputtering and PECVD are listed and discussed. 

Their growth rate, band gap and concentration of hydrogen are calculated and 

studied. They change with pressure and power in the same way as we expect 

according to theory. For instance, the concentration of hydrogen decreases with 

increasing power since higher power can cause mere removal of hydrogen from 

the film. Finally, conclusions are made, and future research directions are 

mentioned. Based en our good and believable results, a-C:H is considered to 

be a premising material to be used in wide applications. 
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CHAPTER I 

INTRODUCTION 

1.1 Concepts of sp^ sp̂  and sp̂  

Hydregenated amorphous carbon (a-C:H) thin films have numerous 

valuable properties so that they find applications such as hard coating materials 

for magnetic disc drives, antireflective coatings for infra-red windows [1], and as 

antifuses in Field Programmable Gate Arrays (FPGA). 

The reason a-C:H films receive world-wide attention is that they have a 

unique physical structure. In a carbon atom, orbitals for valence electrons are 

hybridized to give hybrid orbitals with properties different from these of the 

orbitals which they are derived. These hybridizations have three different forms, 

sp^ sp̂  and sp̂  as shown in Figure 1.1. In the sp̂  configuration, as displayed in 

diamond, each of a carbon atom's four valence electrons is assigned to a 

tetrahedrally directed sp̂  hybrid orbital which makes a strong a bond with an 

adjacent atom [3], while in the 3-feld coordinated sp̂  configuration as in 

graphite, three of the four valence electrons are assigned to trigonally directed 

sp̂  hybrid orbitals which form strong intra-layer c bonds. The fourth electron 

lies in a p;r orbital which lies normal to this bonding plane. This orbital forms 

weak Tu bonds with neighbouring TU orbitals. The TU bonding is also called 

unsaturated bonding. In the sp̂  configuration as found in acetylene, two valence 

electrons are assigned to linearly directed sp̂  hybrids which form a bonds an 
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Figure 1.1 Simplified configuration of sp\ sp^ and sp^ hybridizations 
Source: John Robertson, Prog. Solid St. Chem., 21, 199 (1991) 



the other two electrons are placed in each of the p_̂^ and p̂ ^ orbitals. 

Therefore, a wide variety of carbon phases coexist in a-C:H thin films. By 

changing and adjusting their deposition parameters and conditions, the density 

of composition for each phase can be controlled so that their characteristics 

would be under control varying with the need for their application. It is shown 

that the bandgap of a-C:H films can range between 1.0 to 3.5 eV, depending 

upon different ion bombardment during deposition, and hence the different 

composition of sp̂ /sp̂  ratio and the hydrogen content. 

Nearly all the beneficial properties for the a-C:H arise from the sp̂  

component of their bonding, and these carbons are often called diamond-like 

carbon (DLC). They get this terminology, only because they are similar to 

diamonds in hardness. In other aspects such as bandgap, they might not be 

similar. If the carbon films are soft (normally you can scratch their surface with a 

pair of metal tweezers), they are called polymer-like carbon (PLC). Table 1.1 [3] 

gives a comparison of the properties of diamond, graphite, DLC and PLC. Some 

information presented in the table seems confusing and difficult to understand. 

For instance, as for the bandgap, those for the DLC "are supposed to be" closer 

to the bandgap of diamond (5.5 eV) than those for the PLC. By the same token, 

on the bottom row of the table, the sp̂  percentage of composition in the DLC 

also "is supposed to be" more approaching the number in the diamond than the 

value in the PLC. But, the data indicates that this trend does not happen. What 



Table 1.1 Comparison among diamond, graphite, DLC and PLC 

bandgap (eV) 
hydrogen % 

hardness 

density 
(g/cm )̂ 
sp^ % 

Diamond 
5.5 
0 

100 Gpa 

3.515 

100 

Graphite 
-0.04 

0 
0 

2.267 

0 

DLC 
0.8-1.7 

low (< 50%) 
hard 

(> 1250 Kpa) 
1.5-2.0 

30-60 

PLC 
>1.7 

high (> 50%) 
soft 

(< 1250 Kpa) 
- 1 .0 

50-80 



is goin on here? How to interpret this "contradiction?" One point should be 

made clear here. As mentioned above, the definition for the DLC is only based 

on that the films within this classification are like diamond only because of their 

similarity in hardness. This definition gives no consideration of other things, 

whether they are similar or not. 

1.2 Electronic Structure of a-C 

To solve the "dilemma" we meet in Table 1.1, we here discuss the theory 

established by Robertson and O'Reilly [4]. They studied the local density of 

state (DOS) of diamond, graphite and the four random networks of Beeman, 

calculated from the recursion method [5]. They noted that all three networks 

containing sp̂  sites have a finite DOS at Fermi energy EF. This result 

immediately disagrees with the idea that the mere presence of sp̂  sites is 

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

correlated to produce a gap even in the presence of sp̂  sites. They developed 

and proposed a cluster model according to their analysis of the energetics of TU 

bonding, and the truth that a gap in the TU states exists in amorphous carbon thin 

films. This theory clearly set up the relative locations of sp̂  and sp̂  carbon sites 

contained in a-C and a-C:H [6]. It states that the sp̂  sites are segregated into 

clusters embedded in a sp -̂bonded matrix. The size of sp̂  clusters in a-C is 

about 15-20 A, while the size in a-C:H is smaller, only 4-10 A [3]. 



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

bonds and the sp̂  sites form both a and TU 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 TU states are more weakly bound and often delocalized so that the TU states 

lie closer to the Fermi level EF than the <j states as shown in Figure 1.2. The 

filled TU states form the valence band and the empty TU' states for the conduction 

band in all amorphous carbons. Therefore, they control the electronic properties 

like the bandgap [6]. According to Robertson [4], the TU bonds favor the 

segregation of sp̂  sites into clusters, embedded in a sp̂  bonded matrix. The 

bandgap varies with the size of clusters. In general, the bandgap decreases as 

the cluster size increases. 

The presence of sp -̂bonded clusters in a-C creates large fluctuation in 

the local band edges [7]. 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 1.3 (a), and the 

corresponding density of states is plotted in Figure 1.3 (b) [3], where Eopt is the 

optical Tauc gap and E^ is the mobility gap. The sp̂  hybridized TU 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 bigger than 6 eV. It acts 

as a tunnel barrier between each TU cluster and tends to localize TU states within 

each cluster [3]. So, the optical band edges will depend primarily on the cluster 
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Figure 1.2 Schematic band structure of amorphous carbon 
Source: J. Robertson and E. P. O'Reilly, Phys. Rev., 835. 2946 (1987) 
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Figure 1.3 Schematic band diagram and density of states of a-C:H 
Source: John Robertson, Prog. Solid St. Chem., 21, 199 (1991) 
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size distribution, whereas the mobility edges will depend strongly on the width of 

the sp^ barriers. Widening the barriers will tend to move the mobility edges 

further into the bands. Thus E^ will be greater than Eopt for the TU states of a-

C:H. This result is in contrast with the case of a-SI:H. 

1.3 Role of Hydrogen in a-C:H 

The main role of H in a-C:H is to saturate TU bonds, converting sp̂  sites 

into sp^ sites. 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 sp̂  sites. The reduction of the sp̂  

fraction tends to reduce the size of the sp̂  clusters and thereby increase the 

bandgap. The incorporation of hydrogen into a-C films also lowers the density 

of carbon films [8] due to the reduction of cross linking and the average 

coordination number. In summery, the properties of a-C:H depend mainly on the 

composition of sp̂ /sp̂  ratio and hydrogen content. By changing deposition 

conditions, these two parameters can be easily controlled, hence the properties 

of the film. 

Right now we are ready to solve the "puzzle" in Table 1.1. For the 

hydrogen content, the PLC's is more than the DLC's. The presence of H can 

reduce dangling bonds in the a-C:H films, and increase the composition of sp̂  

contents. So the size of sp̂  cluster in DLC is bigger than that in PLC, resulting 



in that the bandgap in PLC is bigger than that in DLC. That is to say, it is 

reasonable that the sp̂  composition in PLC is greater than one in DLC. 

1.4 Fuses and Antifuses 

In electronic industry, there is a device called programmable logic device 

(PLD). As a matter of fact, it is a kind of integrated circuits with an array of gates 

that are connected by programmable fuses. The designer can specify the 

internal logic by means of a table. These specifications are then translated into 

a fuse pattern required to program the device. The initial state of a PLD has all 

the fuses intact. Programming the device involves the blowing of internal fuses 

to achieve a desired logic function. The advantage of using the PLD in the 

design of digital systems is that it can be programmed to incorporate a complex 

logic function within one integrated circuit. 

So far we know what the fuse is in logic circuit designs, and then it Is easy 

to understand what the antifuse is. Antifuses achieve the same purpose as 

fuses in the PLD, but behave just in reverse. Their initial states (or intact states) 

are an insulator. After being programmed or blown, they change into conductors 

which can be used to connect the logic gates. Normally, the number of points 

that need connection in circuits is more than the points that need no connection 

[9]. As a result, we normally employ the idea of antifuses in place of fuses. 

Figure 1.4 give a rough schematic explaining where is the antifuses and their 

functions. The sign of"+" means the intact status while "X" is the programmed 

10 



Figure 1.4 Antifuses in digital circuit designs 
X Antifuse programmed; + Antifuse intact 

Source: Actel FPGA Data Book and Design Guide, Actel Corporation, 1995 
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state. Figure 1.5 shows further the structure for each antifuse in the logic circuit, 

where the sandwiched antifuse material refers to some kind of thin films. The 

two metal electrodes go to the two digital gates. If these two gates do not need 

to connect each other, the antifuse will remain on its Intact or unprogrammed 

state. Otherwise if there is a need for connection, an appropriate voltage, 

namely a programming voltage, will be applied across the two metal areas until 

the thin insulator film becomes conducting (programmed). If the antifuse 

material is a-C:H thin films, after the programming is done, according to one 

theory [6], a-C:H is converted into conducting graphite. 

There are a plenty of material thin films that have potential to be 

antifuses. Among them are a-Si:H, and a-C:H which is newer material for 

antifuse applications. But, for a-Si:H, sometimes the programmed device can go 

back to OFF state. In contrast, a-C:H does not have this disadvantage, and is a 

good and reliable material for antifuses. 

There are also a plenty of methods used to deposit these thin films. 

Among the popular ones are the radio-frequency sputtering (r.f sputtering) and 

plasma-enhanced chemical vapor deposition (PECVD), both techniques used for 

a-C:H film depositions. The PECVD system is a state-of-the art unit equiped 

with an electronically-controlled gas manifold. 

12 
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Figure 1.5 Simplified unit for one antifuse structure 
in integrated circuits 
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1.5 Arrangement for Each Chapter 

Chapter I is a brief description for the electronic structure of the a-C:H 

and some concepts involved, for example, sp̂  and sp̂ , sp̂  clusters, H content, 

sp /̂sp^ composition, etc. It also introduces the application of antifuse. 

Chapter n depicts in great details the methods used to deposit a-C:H thin 

films. They are r.f sputtering and PECVD. Also, methods are introduced for 

characterization of the films, including the fourier transform infrared absorption 

spectroscopy (FTIR) and the optical absorption. The FTIR is used to learn 

about the carbon-hydrogen bonding and to obtain the hydrogen content. The 

optical absorption is used to get the optical bandgap for a-C:H. In addition, we 

also deposited three types of metal films, aluminum (Al) and titanium (Ti), and 

titanium nitride (TiN), using our r.f sputtering system. Al and TI are two common 

used metal contacts used in the fabrication of integrated circuits. The use of TiN 

as a barrier film has become of increasing interest In the past few years [10, 11]. 

Its attractiveness to semiconductor processing derives from its ability to 

withstand high temperatures, remain inert to most metals, deposit with low 

resistivity and contact resistance and its ease of preparation. As a barrier, it 

does not react with the surfaces or films that are above and below it. Some of 

those working with TiN have claimed that stoichiometric TiN is best for this 

purpose, while others have claimed that a nitrogen-rich film makes the best 

14 



barrier [12]. Some agreement has been achieved that higher nitrogen content 

.Improves barrier quality by virtue of stuffing of the grain boundaries. 

Chapter EI is the last chapter. It displays the results of experiment and 

analysis for the a-C:H films, gives conclusions, and offers research directions for 

future study. 
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CHAPTER n 

EXPERIMENTAL SETUP AND MEASUREMENTS 

In this chapter, brief introductions are given to film depositing techniques: 

radio frequency sputtering (r.f sputtering) and plasma enhanced chemical vapor 

deposition (PECVD). Film characterization techniques are also introduced, such 

as optical absorption to get badgaps, Fourier transformation infra-red 

spectroscopy (FTIR) to obtain H content, and the four probe resistivity 

measurement. 

2.1 r.f Sputtering System 

2.1.1 System Operation 

Figure 2.1 is the schematic for the r.f sputtering system. The substrate 

can either be grounded, floating or biased, depending on bias requirements on 

the substrate. The reason for bias application will be explained below. For a-

C:H deposition, we used the following gases: argon (Ar), butane (C4H10), and 

methane (CH4). The target was either pure graphite, or just a stainless steel. All 

these combinations can be used to deposit a-C or a-C:H thin films. To run the 

system and deposit films, the chamber is first evacuated through both a Turbo-

pump and a mechanical pump to a base pressure of roughly 10"̂  Torr. Then 

gases are introduced into the chamber through the needle valves or the mass 

flow controllers. By gradually adjusting the gas inputs, the working pressure is 

16 
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Figure 2.1 13.56 MHz r.f sputtering system 
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kept at the level of 10 to 10 Torr. Finally, the r.f power from that generator is 

applied onto the target to form the plasma. The film is deposited on the 

substrate until the desired thickness is obtained. We used Ti and Al targets and 

Ar gas for the deposition of Ti and Al films. A mixture of Ar (40%) and N2 (60%) 

and Ti target was used for TiN deposition. Table 2.1, Table 2.2 and Table 2.3 

list the experimental parameters we used for the deposition of various films. 

Table 2.1 r.f sputtering deposition conditions for a-C:H thin films 

Power 

10-50 W 

Pressure 

20-50 mTorr 

Temperature 

<100°C 

Ano-cath Dist 

6.0 cm 

Time 

30-240 min 

Table 2.2 r.f sputtering deposition conditions for Ti thin films 

Power 

30-60 W 

Pressure 

5.0-9.0 mTorr 

Temperature 

<100°C 

Ano-cath Dist 

3.0 cm 

Time 

40-60 min 

Table 2.3 r.f sputtering deposition conditions for TiN thin films 

Power 

100-120W 

Pressure 

5.0-9.0 mTorr 

Temperature 

<100"C 

Ano-cath Dist 

3.0 cm 

Ar/(Ar+N2) 

4 0 % 

Now we discuss the mechanism for plasma formation and thin film 

deposition (see Figure 2.2). In the beginning of the process, there must be an 

assumption that some electrons have already existed inside the chamber. 

18 
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Figure 2.2 "Breakdown process" for the r.f plasma 
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Under acceleration of high voltage from the r.f generator, they will move quickly 

among the sputtering gases such as Ar, etc. When their velocity reaches high 

enough, their energy and momentum, through collision, are transferred to neutral 

argon atoms. Some of these argon atoms can be ionized to become a Ar* and 

two electron, e.g. e" + Ar = Ar* + 2e'. The resulting electrons then would have 

the same lifestyle as its parental electron, i.e., further producing Ar* and 

electrons. This multiple process proceeds very fast, then a status called 

"breakdown" is reached and the plasma is formed. Ar* ions bombard the 

graphite so that neutral C atoms are taken off in the direction away from the 

cathode, move toward the anode, and finally deposit on the substrates to form 

carbon films. 

2.1.2 Cathode and Substrate Self-biases 

2.1.2.1 Introduction 

It is a common practice that the power supply from a r.f generator is 

coupled through a capacitor to the sputtering system as shown in Figure 2.2. In 

this type of connection, a negative DC self-bias is induced on the cathode 

(target) and on an ungrounded substrate (anode). Normally, the self-bias 

voltage on the target is negative at several kilovolts, while the bias voltage on 

the substrate ranges from -20 V to -50 V depending on the gas species and the 

electron temperature [13]. In the following discussion, we will show that the two 

self biases arise from different mechanisms. The frequency for the r.f generator 

20 



in our system is 13.56 MHz. Due to their low mobility, heavy and positive ions, 

such as Ar*, cannot be in phase with the r.f power supply; thus, with zero bias, 

sputtering cannot take place. It is the DC self-bias voltage on the target which 

makes it possible to maintain the r.f plasma in an ambient Ar working gas. The 

magnitude of the bias on the substrate has an important impact on the forming 

thin films. It influences the film composition, hardness, structure, surface 

morphology and other important characteristics. 

2.1.2.2 Self-bias on cathode 

The process for developing a self-bias voltage on the target is a little 

different from the process responsible for a self-bias voltage on the substrate. 

Figure 2.3 is the original sine wavefunction output from the r.f generator. The 

frequency for this function Is 13.56 MHz. This AC voltage is applied onto the 

cathode through a capacitor between the cathode and the generator as in Figure 

2.2. After this AC voltage application, the wavefunction will change from Figure 

2.3 to Figure 2.4, owing to the following statement. In Figure 2.4, during the 

first-half cycle, area A, the cathode (target) is positive and starts to collect 

electrons. During the second-half cycle, area B, the target Is negative and 

begins to collect positive Ar* ions; however, it collects far fewer ions than the 

21 
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Figure 2.3 Original sine wave function of the r.f power supply 
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Figure 2.4 Resulting shape of the curve of Figure 2.3 
after application of r.f power supply to the system 
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number of electrons it gets during the first-half cycle, since the mobility for 

electrons (1.5x10® cm /̂vs) [14] is much larger than the mobility for Ar* (10® 

cm /̂vs) [15, 16]. Because there is a capacitor between the target and the r.f 

generator, the electrons collected on the target stay on the surface of the target. 

So for the whole cycle, a net negative charge accumulates on the target. When 

the next cycle begins, the target still attracts electrons for the positive-half cycle 

of area C, but this time the number of electrons collected is fewer than before, 

since most of the electrons formerly gathered on the target still exist there and 

would block further accumulation of electrons. At the same time, in area D, 

because of existence of electrons on the target, the flux of Ar ions will become 

larger than before. After several repeats of such a cycle, the electron current 

will be equal to the ion current, and the system reaches an equilibrium, as in the 

range of E. After equilibrium is reached, most of the time the voltage on the 

target is negative, that is, it is positive only for a small fraction of each period. 

The small positive portion of the cycle corresponds to the electron current while 

the large negative portion corresponds to the Ar ion current. This 

correspondence will guarantee that the net current flow to the cathode is zero for 

the complete cycle. Therefore, Figure 2.4 shows that the target is effectively 

biased by a negative dc potential with respect to ground, and tell us that this 

bias voltage is approximately equal to Vz of the peak-to-peak voltage of the r.f 

input. 
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2.1.2.3 Self-bias on Anode 

Now we discuss the self-bias voltage on the anode (substrate). Anything 

immersed in the plasma, unless it is grounded, will be biased at a negative 

voltage with respect to ground [17, 18]. This negative potential is produced 

because of the electrons' high thermal mobility compared to that for Ar*. The 

sequence is that more electrons arrive at the floating substrate than Ar*, 

resulting in a negative self-bias floating potential on the substrate. The value for 

this voltage Vf is determined by the electron temperature Te, the mass of the 

electron m, and the mass of the ion M in the chamber [19], 

le \2M> Vf^^HTT.l (2.1) 

where e is the electron charge, and k is the Boltzmann's constant. Figure 2.5 is 

the typical l-V characteristic of a Langmuir probe in a plasma [20], where Vp is 

the plasma potential, which is given by [21], 

V,=kT,\n (2.2) 

where Tj and qi are the temperature and charge of ion, respectively. Owing to 

the substrate bias voltage, the substrate holder usually is not grounded. If it is 
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Figure 2.5 Typical l-V characteristic of a Langmuir probe in a plasma 
Source: John L. Vossen and Werner Kern, Thin Film Processes, 

Academic Press, New York, 54 (1978) 
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grounded, and if an insulating substrate (say, glass) is on it, the surface of the 

insulating substrate will acquire a bias voltage while the areas on the holder 

other than the substrate have a zero potential. The voltage between the plasma 

and substrate (Vp-Vf) while the voltage between the plasma and the substrate 

holder, some of which is on the edge of the substrate, is Vp. This difference will 

lead to nonuniformity in the film thickness near the edge of the substrate, and 

influence other properties of the films. The only exception to this rule is when 

the substrate and holder are both conductive. The negative substrate bias 

voltage can also be applied from an external circuit. But, for insulating 

substrates and depositing insulating material on conductive substrates, it is 

better to directly use the self-bias voltage as the substrate bias [22, 23, 24, 25]. 

The purpose for a negative substrate bias voltage is to let Ar* and C* bombard 

the growing film just as displayed in Figure 2.6. This bombardment will help 

form the strong sp^ hybridized bonding, resulting In diamond-like amorphous 

carbon thin films [26, 27]. The substrate bias voltage plays an Important role in 

controlling the optical and mechanical properties of the films [28]. 

2.1.2.4 Measurements 

As shown in Figure 2.4, the self-bias voltage on the target (cathode) is 

roughly the same as the amplitude of the input r.f voltage wave-function. If the 

input r.f voltage is increased, the target bias voltage is also increased. 

27 



cathode 

C 

®i 

anode 

negative DC 
-400 V 

-5-^-50 V 

Figure 2.6 Ar* and C* bombardments on the sample helping form sp' 

28 



Therefore, we do not need to make any measurement for this quantity, since the 

exact voltage can be obtained from the ratio of the electron and ion mobility. 

For the self-bias on the anode (substrate), it is typically -20 to -50 

V [13]. To measure this voltage the substrate holder should be floating and 

insulating from the rest of the system. Figure 2.7 is the simplified schematic 

diagram for the experimental setup. The working gas is Ar or methane. 

Combination of both the inductor Li and the capacitor Ci connected onto the 

substrate will guarantee that the self-bias exists on the substrate, by having r.f-

grounded and d.c.-floating. Tuning the capacitance can change the impedance 

between the substrate holder and ground, thus alter the number of electrons 

gathered on the substrate and control the magnitude of the bias. Figure 2.8 [29, 

30] is used to measure the substrate self-bias. Li and Ci constitute a high-pass 

filter. L2 further blocks the high frequency signal. C2 lets the high frequency 

pass through. The combination of Ri, R2 and G is a modified galvanometer used 

as a voltmeter to read the value of the bias. We measured this self-bias, and 

also determined how the target voltage affects the substrate voltage, i.e., how to 

control the substrate bias by changing the r.f power. The measurement results 

will be reported in Chapter HI. 

2.1.2.5 How to Apply Bias on Anode 

Based on the above analysis, we built the circuit in Figure 2.9 used to 

apply the bias voltage on the anode (substrate). The subcircuit contained in the 
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Figure 2.9 Source circuit to apply biases on the substrate (anode) 
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box is the same as the circuit in Figure 2.8. The inductance L connected in 

series with the DC power supply blocks the AC component in that path, letting 

the negative DC voltage apply onto the substrate. 

2.2 PECVD System 

2.2.1 Description of the System 

This system Is a state-of-the-art single chamber deposition system, which 

is specially designed by MVSystems, Inc., to produce high quality PECVD thin 

films. Figure 2.10 is an overall layout of the system. The loading and unloading 

of substrates can be accomplished via a hinged door entry located at the front of 

the chamber. The system possesses a pumping system and a gas manifold. 

The high vacuum pumping as well as the process gas pumping of the chamber is 

provided via a turbomolecular pump backed by a rotary vane pump. The 

chamber vacuum can be as good as - 10"® Torr. As a safety feature, a 

diaphragm pump is used to ensure that air never is pumped to the gas scrubbing 

equipment. The exhaust connections of the chamber rotary vane pump is 

connected to an effluent scrubber system. Adequate dilution of the exhaust line 

with an inert gas is assured at all times. The system requires a nitrogen purge 

system to gas ballast the turbo pump as well as the gas-ballast ports of the 

rotary vane pump. The manifold bypass lines are provided for emergency 

operations only. 
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Figure 2.10 An overall layout of PECVD system 

34 



2.2.2 Operation of the System 

Figure 2.11 is a detailed schematic diagram helping to explain the 

operation procedures. Two major gas sources here are methane (CH4) and 

silane (SiH4) to. prepare a-C:H and a-Si:H thin films, respectively. Samples can 

be placed on the anode (top) or on the cathode (bottom). To prevent explosion, 

nitrogen must be purged through the scrubber at least one hour before the 

pumping system starts to evacuate the chamber. Then, N2 is filled into the 

chamber, and is pumped out by the diaphram. This step should be repeated at 

least three times to guarantee that there is no air inside the chamber. This is 

especially important for the use of SiH4, since combination of air and silane likely 

cause explosion. Then, open the path between the chamber and the scrubber 

through the pumping system until the base pressure reaches about 10'̂  Torr 

normally after one hour. Next, start the gas manifold operation and wait until the 

working pressure indicates what you set up beforehand. All these performances 

are electronically done by the control system. One typical operation condition 

for preparation of a-C:H films is as in Table 2.4 

Table 2.4 PECVD deposition conditions for a-C:H thin films 

Power 

20-50 W 

Pressure 

300-500 mT 

CH4 FlowRate 

20 seem 

Temperature 

room temp. 

Ano-cath Dist 

1.5 cm 
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2.3 Optical Absorption 

The visible light optical absorption spectrum (300nm-1600nm, 4.13-0.78 

eV) for the thin films can be used to determine the their optical bandgaps. 

Figure 2.12 [32] is a typical optical absorption for an amorphous material, where 

there are three different regions. In region A, the absorption coefficient a is 

less than 1 cm""*; in region B, it ranges between 1 and 10^ cm'^ in region C, it is 

bigger than 10^cm"\ 

Region C is due to optical transitions between valence and conduction 

bands [31] so that the optical bandgap can be determined from the curve shape 

of this region. Because of the band tail property of the amorphous material, the 

bandgap cannot be an exact value. A definition given by Tauc [32] is equation 

(2.3), 

hvaihv) = B(hv-Ey, (2.3) 

where a is the absorption coefficient, B is the energy band edge width 

parameter, hv is a photon energy. Eg is the optical band gap defined by the 

above model. According to equation (2.3), Eg can be determined from the 

plotting of the square root of the product of the a and hv, versus hv. The 

optical gap Eg is just the intercept on the energy axis by extrapolating the linear 

portion of the plot. 
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Figure 2.12 Typical optical absorption spectrum for amorphous material 
Source: J. Tauc, R. Grigorovici and A. Vancu, Phys. Stat. Sol., 15, 627 (1966) 
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Region B in Figure 2.12 is owing to the tailing of states because of the 

fluctuations of the bond lengths and bond angles [33]. The absorption 

coefficient in this region is [34], 

a(hv) = a, Qxp[(hv -Ej)/E,], (2.4) 

where Eo is called the Urbach energy, and E| and a^ are experimental constants. 

The Urbach energy can be determined from equation (2.4) by plotting a versus 

hv in the vicinity of the band gap energy. 

The origin of formation of region A is a result in something related to 

midgap gap states. Since optical transitions involved in defect states are very 

weak as a result of low defect states, in comparison to state densities above the 

bands, optical absorption techniques are not utilized in this region due to their 

low sensitivity. 

The theoretical background for the above measurement technique is 

briefly mentioned below. The optical absorption measurement is performed by 

using a two-beam spectrometer (Shimadzu model UV-256). Samples are films 

deposited on plain quartz or Coming-glass. Also two pieces of plain quartz or 

Corning-glass need to be supplied for baseline correction. The actual parameter 

measured by the optical instrument is the optical density A with the definition of. 
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A = \og^, (2.5) 

where lo and I are, respectively, the Incident light intensity and light intensity 

transmitted through the sample. The number of I is given, according to the 

Lambert's law, by, 

-al /=v , (2.6) 

where t is the film thickness, and a can be calculated from combination of 

equations (2.5) and (2.6). 

2.4 Infrared Spectroscopy 

The content of hydrogen in a-C:H thin films plays an important role in 

controlling their properties. Its presence can reduce dangling bonds in the films, 

and can change the size of sp̂  clusters. To determine this value, there are 

several techniques, among them is the most widely-used infrared spectroscopy. 

The instrument we used for this purpose is a Perkin-Elmer model 1600 Fourier 

Transform Infrared (FTIR) Spectrometer. 

The energy of a molecule consists of translational, rotational, vibrational 

and electronic energies. Absorption or emission due to transitions of electronic 

energies falls in ultraviolet and visible areas of the electromagnetic spectrum. 
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while rotation is in regions of microwave or far infrared wavelength. Vibration 

gives rise to absorption through most of the infrared region of the spectrum. As 

a result, infrared spectroscopy is used here to study the vibrational frequencies 

of molecules, and then determine the hydrogen content according to the theory 

introduced below. 

The portion of hydrogen bonded to C in a-C:H films is determined by 

using the proportionality constant, A, connecting the content of hydrogen, NH, to 

the integrated IR absorption for the C-Hn stretching modes [35 - 38], 

N,=AJ a{(o) 
do. 

CO 
(2.7) 

where N„ is the hydrogen concentration, ^ is a constant called the oscillator 

strength, a{co) is the absorption coefficient at frequency a. The formula for A is 

[39], 

A = cnjjco 
2* 2Tu'e 

1 » 
(2.8) 

where c Is the speed of light, n is the index of refraction, / i is the reduced 

mass, and e* is the effective charge of the oscillating unit. For a-C:H films, the 

theoretical value for the oscillator strength at 3000 cm"̂  is 1.35 x 10^̂  cm'^ [40]. 
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FTIR absorption spectra can provide information about molecular 

structures, hydrogen contents, C-Hn bonding configurations in a-C:H films, etc. 

For a-C:H, the stretching modes of C-Hn (n = 1, 2, 3) appears around 3000 cm"" 

while the bending modes exist around 1400 cm"\ The band occurring at 3000 

cm"̂  is comprised of several stretching modes made of sp̂  or sp̂  C-Hn varying 

with film preparation methods and conditions. The vibrational modes for hard 

and soft a-C:H have been summarized and tabulated by John Robertson [41] 

(Table 2.5 and Table 2.6). The hydrogen concentration NH in the a-C:H thin film 

can be, in terms of equation (2.10), calculated from the C-Hn stretching band at 

3000 cm'\ 

2.5 Four-point Probe Resistivity Measurement 

To measure the resistivity of titanium (Ti) and titanium nitride (TiN) thin 

films, a measurement instrument, namely the four-point probe technique, is 

utilized here. The reason that the four probes are used instead of two probes is 

for high accuracy. We know that there is always a contact resistance when 

semiconductor material is directly in contact with the metal so that if the same 

two probes are used for both current and voltage measurements, the results 

would have big errors. To solve this drawback, different probes are used for 

current and voltage measures. Figure 2.13 is a simplified diagram of such an 

experimental set up. The four probes are numbered 1,2,3 and 4, lining up and 

spacing evenly by a distance of S. The voltmeter there is an accurate one, for 
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Table 2.5 C-H Vibrational Mode Assignments in a-C:H [41] 

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 

sp^CH 
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 

unassjgned 

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 

B2 wag 

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 

(Notes: lines 1-10 are C-H stretch, and 11-27 are C-H deformation 
with the following abbreviations: s - stretch; ss - symmetric stretch; 
as - antisymmetric atretch; sd - symmetric deformation; 
dd - degenerate deformation.) 
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Table 2.6 C-C IR Vibrational Mode Assignments in a-C:H [41] 

' Wavenumbers (cm"̂ ) 

2180 

1620-1600 

1580 

1515 

1300-1270 

1245 

1160 

970 

885 - 855 

840 

Assignments | 

sp̂  ' 

Olef sp' 

Arom sp' 

Mixed sp' / sp̂  

Mixed sp' / sp̂  

Mixed sp' / sp̂  

sp 

Olef sp' 

sp 

Arom sp' 
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Voltmeter 

Figure 2.13 Four-point probe resistivity measurement 
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instance, the Wheatstone Bridge. The current / is first set up between probe 1 

and 4, then the voltage V between probe 2 and 3 are observed and recorded. 

The values for the current and the voltage are plunged into the following 

equation to calculate the resistivity, 

V 
P = 2TUS-T, 

I 
(2.9) 

where p is the resistivity of the film, S is the probe-to-probe spacing, and F is 

the correction factor. The correction factor typically depends on the thickness of 

the sample and on whether the bottom of the semiconductor is touching an 

insulator or a metal. This factor for our measurement setup is 0.1, determined 

by the comparislon of the known resistivity for a Si wafer and the measured 

value. Commercial instruments are avilable that automatically compute the 

appropriate correction factor based on the sample thickness entered by the 

operator. Unlike the semiconductor-bar measurement, the four-point probe 

technique is obviously easy to implement, cause only slight surface damage in 

the vicinity of the probe contacts, and is ideally suited for working with wafers. 

The surface damage, although slight, does exclude the technique from being 

used on wafers intended for producing high-yield devices and ICs. 

How to select the current / Is a key for success. Normally, we need to try 

several currents and record their corresponding voltages. Then, plot the I-V 
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characteristic. The appropriate current should fall in the linear portion of the 

plot. Also we need to measure several locations near the center (to avoid the 

edge effect) of the surface of the film, and then calculate their average. 
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CHAPTER III 

RESULTS. DISCUSSION AND CONCLUSION 

In this chapter, the results on a-C:H films prepared by r.f. sputtering and 

PECVD will be reported. Characterization, discussion and conclusion for them 

are also presented. Some other work, such as deposition of metal films, and 

anode self-bias measurement in the r.f sputtering system, are also included. 

3.1 a-C:H and Metal Films Prepared by r.f. Sputtering 

3.1.1 Anode Self-bias Measurements 

Below the pressure of 7 mTorr, the self bias on the anode is negative, and 

Figure 3.1 and 3.2 present the plot of the anode self-bias voltage as a function 

of sputtering pressure of pure Ar and a mixture of Ar and CH4, respectively. Both 

curves show the same trend. The strength of the self-biases increases with 

decreasing pressure. This is reasonable because as the pressure decreases 

the mean free path of the electron increases so that more energetic electrons 

are collected on the anode, resulting in an increase in the self bias. The 

negative self-bias in Ar as in Figure 3.1 seems bigger than that In Ar and CH4 in 

Figure 3.2. The mechanism may be due to that fact that a larger numbe of 

electrons are used up in ionized CH4 compared to that for pure Ar. In both 

graphs, above 7 mTorr, the self-bias becomes positive. This might be owing to 

the fact that at high pressure electrons present in the plasma are lost in the 
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collision and ionization processes. The accumulation of positive ions on the 

anode would result in a positively self-biased anode. 

3.1.2 a-C:H Thin Films 

In order to deposit a-C:H films, we use the reative sputtering methode, 

where metOhane (CH4) or butane (C4Hio) to replaces Ar as the "sputtering" gas 

while the target is still graphite. In this way, the deposited films come from two 

sources: CVD process from CH4 or C4Hio, and sputtering from graphite target. 

We can adjust the working pressure to have either of the above processes 

dominate in the film deposition. We want a-C:H films prepared mostly by the 

CVD process, since the quality of the CVD films is much better than that of the 

sputtered films. At high gas pressure, the CVD is the dominant process. We 

deposited the films by mounting the substrate at the anode as well as on the 

cathode. As discussed in Chapter II, the self-bias on the cathode is much higher 

than that on the anode. In this way, the higher negative bias could let C* and H* 

ions bombard the depositing films to help form more strong sp^ hybridization 

[26]. Finally, we prepared the films by ranging the r.f. power and the gas 

pressure. 

Figure 3.3 shows the optical measurements for films at three different 

powers. The sputtering gas here is butane at 40 mTorr, and the target is 

graphite. As listed in Table 3.1 below, both the optical bandgap and the 

concentration of hydrogen decrease with increasing power. The increase in 
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Figure 3.3 Optical measurements for three r.f sputtering prepared a-C:H films 
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r.f power cause the removal of hydrogen from the films by high energy ion 

bombardment which decreases the sp^ content of the films and increases the 

band gap Eg. 

Table 3.1 Three a-C:H films prepared by r.f sputtering 

Power (W) 

Bandgap (eV) 

Hydrogen Atom % 

10 

2.0 

60.0 

40 

1.4 

40.0 

90 

0.6 

19.9 

Figure 3.4 is the FTIR measurement for the same set of samples. The 

absorption peaks aroud 3000 cm"̂  are due to CH stretching modes [43]. The 

integrated absorbance of this band is used to calculated the hydrogen 

concentration (content) in the a-C:H thin film. According to literature [43], this 

CH band is composed of three peaks: the peak at 2956 cm'̂  is because of sp^-

CH2 (Olefinic), the peak at 2920 cm'̂  Is because of sp -̂CH2 asymmetrical 

stretching mode, and the peak at 2870 cm'̂  is because of sp^-CHs symmetrical 

stretching mode. As can be seen in Figure 3.4, these peak heights change with 

the different deposition conditions. When the power increases from top to 

bottom in the figure, the sp^ peak intensity decreases. The three peaks broaden 

as the power increases because of the increase in the stress in the films. 

We also made the films on the substrates mounted on the cathode 

instead of on the anode. When we do so, the original graphite target is 
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Figure 3.4 IR transmission for three r.f sputtering prepared a-C:H films 
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replaced by a stainless steel target holder. The reactive gas is pure methane or 

butane. In this case, the molecular pieces of methane or butane will deposit on 

the substrate. In the same run, substrates are also put on the anode. Figure 3.5 

is the result for the optical measurement. It is expected that the bandgap of the 

film on the cathode is less than the bandgap of the film on the anode because of 

much high self biasing on cathode than on anode. The negative self-bias on the 

cathode is normally about -800 V when the power is 50 W. This self-bias is 

much higher than the self-bias on the anode which is between -5 to -30 V. 

Therefore, Eg (0.8 eV) for the film on the cathode is less than Eg (1.3 eV) for the 

film on the anode for the reason mentioned before. 

3.1.3 Al. Ti and TiN Films 

The diameter of the titanium (Ti) target we have is smaller than the 

diameter of the target holder in the system. Considering this factor, Ti foil is 

used to cover the edge area of the holder, and the Ti target covers the center 

area. The contacts among the Ti target, the Ti foil and the target holder are 

made mechanically by four screws made of Ti rods. The structure of the whole 

target is shown in Figure 3.6. 
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To make Ti films, the sputtering gas used is 99.99% argon. To make TiN, 

the sputtering gas is a mixture gas of argon (40%) and nitrogen (80%). As 

stated in literature [44], film color is a useful tool in judging TiN films. With 

increasing nitrogen, the film color will change from metallic titanium gray to light 

color, to dark gold, and then into brown with nitrogen rich films. A Ti color would 

indicate a composition of TINx, where x is < 0.8, while a gold color would 

correspond to a stoichiometric composition of TiN, and brownish colors to TINx 

where x > 1.2. The effect of the applied bias on the anode was also tried. The 

TiN films with 100 V bias seem to have large stress, and they peel off easily. 

The resistivity for metal normally is in the order of 10"̂  Qcm as shown in Table 

3.3 [45]. But, the resistivity listed in Table 3.2 is far beyond the value it should 

be. The reason, I think, may be that equation (2.9) for the four-point probe 

resistivity measurement is only applied to wafers or very thick films with 

thickness of at least 1/xw. Table 3.4 gives the result of measurement for Si 

wafers, by using equation (2.9) where S=0.16 cm and r=0 .1 . The results 

indicate that the four-point probe resistivity measurement method works very 

well for SI wafers. 

Table 3.4 Four-point probe resistivity measurement for Si wafers 

Samples 

p (Qcm) 

measured p 

# 1 

9.8-16.3 

9.5 

#2 

0.25 ~ 0.30 

0.28 

# 3 

0.15-0.16 

0.151 

# 4 

0.006 - 0.007 

0.005 
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Table 3.2 Properties of r.f sputtering-prepared Al, Ti and TiN films 

Material 

Al 

#1-Ti 

#2-Ti 

#3-Ti 

#1-TiN 

#2-TiN 

#3-TiN 

Power 

(W) 

60 

60 

60 

60 

100 

100 

100 

Pressure 

(mT) 

8.0 

7.0 

7.1 

7.0 

9.1 

8.0 

7.8 

Growth Rate 

(A/min) 

62 

42 

30 

38 

X 

19 

29 

Resistivity 

(Qcm) 

X 

3.39 

2.92 

2.59 

X 

10.2 

2.63 
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Table 3.3 Resistivity of some materials 

Material 

Conductors 

Silver 

Copper 

Aluminum 

Tungsten 

Iron 

Platinum 

Mercury 

Nichrome (alloy of Ni, Fe, Cr) 

Semiconductors 

Carbon 

Germanium 

Silicon 

Insulators 

Glass 

Hard Rubber 

Resistivity p (Qcm) 

1.59 xlO-^ 

1.68 xlO"^ 

2.65 xlO"^ 

5.6 xlO"^ 

9.71 xlO"^ 

10.6 xlO"^ 

98 xlO"* 

100 xlO"^ 

(3 - 60) x 10"̂  

(1 -500) xlO"' 

0.1 -60 

10^-10^' 

10 ' ' - 10 ' ' 

* Values depend strongly on presence of even slight amounts of impurities 
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3.2 a-C:H Films Prepared by PECVD 

The PECVD system we have used is a state-of-the-art system. In this 

system, various deposition parameters can be controlled precisely. Table 3.4 

presents the deposition conditions for several a-C:H films. The source gas is 

CH4 with the flow rate of 20 seem, and the deposition time is 30 minutes. All the 

films were deposited on the substrates placed on the cathode. 

Table 3.5 Properties of a-C:H films prepared by PECVD system 

Power/Press 

50W/200mT 

50W/300mT 

50W/350mT 

50W/400mT 

35W/300mT 

35W/400mT 

35W/500mT 

20W/500mT 

Thickness (A) 

4700 

4902 

5090 

6111 

3712 

2923 

2869 

1500 

Bandgap (eV) 

1.54 

1.79 

1.88 

2.07 

2.23 

2.54 

2.69 

2.73 

DepRate (A/s) 

2.61 

2.72 

2.83 

3.39 

2.06 

1.62 

1.59 

0.83 

Hydrogen % 

35.5 

38.5 

40.0 

41.0 

42.7 

62.5 

63.5 

67.2 

To determine the concentration of hydrogen in Table 3.5, we use equation 

(2.7), where A is a constant called the oscillator strength depending upon theory 

and experimental conditions. For the IR absorption spectrum of a-C:H films, at 
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3000 cm'' band, A is equal to 1.35 x 10" cm"̂  [40]. By plugging this value into a 

calculation tool of LabCal, the concentration of hydrogen can be calculated. But 

the results are wrong and unacceptable since most of them are more than 100%. 

The reason is probably due to the improper selection of the value of A. In 

calculation, A is assumed to be equal to 1.35x10^' cm'^ recommended in a 

paper [40]. In fact, it is also dependent upon the experimental deposition 

conditions for the films. Therefore we need to correct or adjust the A . To this 

end, we utilize the measurements from reference [46] shown in Figure 3.7. We 

want to use the top two subfigures: Concentration of Hydrogen Versus Bias -

Voltage and Optical Gap Versus Bias-Voltage. The optical band gaps for the 

films are already calculated (Table 3.5). Using these values and Figure 3.7, the 

correct number for the concentration of hydrogen can be obtained. Then, using 

this number and equation (2.7), the correct value of A can be calculated. The 

calculation is shown in Table 3.6. 

Table 3.6 Determination of corrected constant A 

Bandgap (eV) 

1.54 

1.79 

1.88 

2.07 

Corrected H% 

35.0 

38.5 

40.0 

41.0 

Former H % 

80.2 

98.3 

105.7 

110.6 

Corrected A 

5.89x10'° 

5.28x10'° 

5.11x10'° 

5.00x10'° 

Average A 

5.32x10'° 
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Figure 3.7 Properties of a-C:H thin films 
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We used the average value of A to calculate the hydrogen concentration 

for all the films. 

Figure 3.8 is the change In the bandgap Eg as a function of pressure at 

two powers of 35 W and 50 W. Eg increases with increasing pressure, because 

high pressure of CH4 would Incorporate more hydrogen atoms into the film, and 

the ratio of sp̂ /sp̂  would become bigger. On the other hand, high power would 

have H atoms etched away from the film, reducing sp̂ /sp̂  ratio and the 

bandgap. 

Figure 3.9 describes the change in the growth rate as a function of 

pressure at two different powers of 35 W and 50 W. It is the same as what we 

expect: the deposition rate increases with increasing power. At 50 W, the rate 

increases with increasing pressure. At 35 W, the rate decreases with 

increasing power, because of the decrease in the overall mean free path at 

higher pressures. 

Figure 3.10 is the hydrogen concentration plotted against the working 

pressure. The trend is similar to that obsen/ed for the bandgap Eg (see Figure 

3.8). 

As listed in Table 3.5, most of the numbers for bandgaps do not fall in the 

range which the diamond-like carbon (DLC) should have. The bandgap range 

for DLC films is between 0.8 to 1.7 eV. The power used here is between 20 and 

50 W. We can see, from the table, that the bandgap becomes smaller as the 

power increases. Therefore, when the power is further increased, the surface of 
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the film should become harder, and its optical bandgap should become smaller 

and smaller. 

3.3 Conclusions 

a-C:H thin films were prepared in both the r.f sputtering and the PECVD 

system. They were characterized by the optical measurement to estimate their 

optical bandgaps, and by the IR transmission measurement to analyze their C-Hx 

bond configuration and calculate the hydrogen atomic concentration. In 

summary, the results we obtained are listed below. 

1. For the r.f sputtering system, the best condition to make a-C:H films 

for antifuse applications is, power 40 W, CH4 pressure 40 mTorr, time 2.5 

minutes, anode-cathode distance 6.1 cm. The film is very hard and diamond

like, its bandgap is around 1.8 eV, its concentration of hydrogen is about 40%. 

On the other hand, three metal films of Al, Ti, and TiN were successfully 

prepared and used as dot electrodes in testing a-C:H antifuses. 

2. For the PECVD system, the conditions we tried are, power 20 - 50 W, 

CH4 flow rate 20 seem, CH4 pressure 200 - 500 mTorr, anode-cathode distance 

1.5 cm. Their optical bandgaps are 1.54 to 2.73 eV. The film growth rate is 

between 1 and 4 A/sec. 

A-C:H is a promising material for lots of applications. It deserves world 

wide attention and intensive research on it. Especially, it has a great potential to 

be successfully used in the FPGA. Oyer the past five years, the market for the 
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FPGAs has expanded rapidly, and today it is the fastest growing market which 

could worth $5.7 billion. However, making a-C:H films with excellent and stable 

properties is just not an easy thing. Although it is better than a-Si:H for antifuse 

applications, it still belongs to amorphous material which, inherently, has 

unstable characteristic compared to the crystalline material. How to make this 

disadvantage as little as possible is a huge task. What I list below are the 

things, I think, which should be thought, done or at least tried in the future. 

1. How to clean plain sample substrates is still a major topic 

encountered, in particular, how to know the sample is clean enough. 

2. Cleaning of the r.f sputtering and PECVD systems also plays an very 

important role in controlling the properties of the films. Sometimes, the cleaning 

tools themselves would introduce much contamination, for instance, plastic 

vacuum cleaner heads. 

3. The broader range of the power used in the PECVD system should be 

tried to see whether the hardness of the film surface tends to be better 

and whether the bandgap becomes larger. 
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