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Abstract 

The purpose of this laboratory-directed research and development (LDRD) project was to 
develop and assess novel low-permittivity dielectric materials for applications as interlevel 
dielectrics (ILDs) in Si-based microelectronics. There were three classes of materials 
investigated: ( 1) novel covalently-bonded ceramics containing carbon, boron, and/or 
nitrogen, (2) fluorinated Si02 (SiOF), and (3) plasma polymerized fluorocarbon (PPFC). 
The specific advantages and disadvantages for each potential low k E D  material were 
evaluated. It was discovered that highly energetic deposition processes are required for the 
formation of thermally and environmentally stable carbon or boron nitride ceramics, and the 
resulting films may have many potentially valuable applications, such as diffusion barriers, 
tribological coatings, micro-sensor materials, etc. The films are not suitable as low k ILDs, 
however, because the highly energetic deposition process leads to films with high atomic 
density, and this leads to high dielectric constants. SiOF shows promise as a low k E D  
material for near-term applications, but special passivation or encapsulation strategies may 
be required in order to reduce two instability problems that we have discovered: moisture 
absorption and thermal instability of the SiOF/Al interface. PPFC films offer promise for 
even lower dielectric constant ILDs than SiOF, but it will be necessary to develop new 
strategies to passivate the free radicals in the films generated during deposition. These free 
radicals lead to increase in dielectric loss over time when the films are exposed to room 
ambient conditions. 
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Novel Low Permittivity Dielectrics for Si-Based Microelectronics 
I. Introduction 

As the operating frequency of current microelectronic devices increases, the need to 
develop new low permittivity interlevel dielectrics becomes increasingly important. The present 
situation represents a departure from the previous design rules regarding the limits to device 
operating frequencies. In the past, the primary factor limiting device operating frequency in Si- 
based complementary metal-oxide-semiconductor (CMOS) devices was the carrier transit time in 
the channel of the MOS transistor. The reason for this is intuitively obvious. For carrier transit 
lengths exceeding the mean scattering length (approximately 100 A), the carrier transit time is 
linearly proportional to the channel length. Decreasing the channel length (which typically 
coincides with reductions in the device minimm linewidth) leads to approximate linear increases in 
device operating frequency. Problems occur, however, when the transistors are connected 
together over large distances and high operating frequencies (a few hundred MHz) are employed, 
as is frequently encountered in conventional microprocessor designs. Under these conditions, the 
long length of metal interconnect surrounded by dielectric behaves like an RC circuit in series with 
the individual transistors. As in a conventional RC circuit, the voltage on the interconnect cannot 
be switched instantaneously - there is a time delay which is characterized by the product of the 
interconnect resistance and circuit capacitance (the RC time constant). For large area devices 
operated at very high speeds, this RC delay may be the dominant factor in determining operating 
frequency. 

There are two straightforward approaches to reducing the RC delay: reducing the resistance 
of the interconnect or reducing the capacitance of the surrounding dielectric. Due to geometry 
constraints, the only practical approach to achieving these reductions is to change either the 
interconnect material, the dielectric material, or both. Al, doped with Si and Cu, is the current 
standard interconnect, and Si02, typically deposited by a plasma-enhanced CVD (PECVD) 
process, is the current standard interlevel dielectric. Since Al is already a low resistivity material, 
there is little margin for reducing resistivities further. One popular alternative - still in the 
development stage - is Cu. Replacement of A1 by Cu would yield, at best, an approximate 30% 
reduction in resistivity. The situation for interlevel (or, equivalently, intermetal) dielectrics, ILDs 
(or IMDs), is considerably brighter. The dielectric constant for Si02 ILD films is 3.9. Several 
potential new dielectric materials exist with dielectric constants near 2, representing a 50% 
reduction in capacitance. An added benefit of switching to new low dielectric constant (or "low k') 
dielectrics is that low k dielectrics reduce the drive power required to operate transistors in an ultra- 
large scale integration (ULSI) circuit. The required drive power scales as Cp, where C is the 
capacitance of the circuit, and V is the drive voltage. It should be noted that this benefit is not 
gained when the Al interconnect is merely replaced with Cu. Figure 1.1 shows the drive power 
per gate and time delay for three interconnect technologies. For comparison, if a 1 Volt design rule 
is assumed, it is clear that there is enhanced benefit to replacing the ILD over replacing the 
interconnect metal. Replacing the ILD leads to larger reductions both in time delay and drive 
power. Finally, there is a third advantage to switching to a low k ILD: as the density of 



interconnect lines increases, there is greater cross-talk @e. induced signals from one line to 
another), but this cross-talk can be reduced by switching to a iow k ILD. 
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Fig. 1.1. Comparison of drive power per gate and time delay for three interconnect technologies. 
Switching to a low k dielectric reduces both time delay and required drive power. 

The minimum requirement of any new low k dielectric is, of course, that the material 
exhibit a low dielectric constant (low electrical permittivity). For most solid state materials, there 
can be up to three contributions to the electrical perrnittivity: orientational polarizability, molecular 
or ionic polarizability, and electronic polarizability. Orientational polarizability arises from the re- 
orientation of polar groups; molecular or ionic polarizability arises from the displacement of ions or 
polar molecular species; and electronic polarizability arises from polarization of the electronic 
charge density around atomic cores. Each of these contributions to the electrical permittivity has a 
characteristic frequency range over which the polarized unit may respond to an applied time- 
varying field the cut-off frequency for orientational polarization is in the RF range, for molecular 
or ionic polarizability it is in the microwave range, and for electronic polarizability it is in the 
optical range. Figure 1.2 summarizes the three contributions to electrical permittivity and their 
characteristic frequency ranges. Since the operating frequencies for most ULSI circuits are on the 
order of 100 MHz, the molecular and electronic polarizabilities are the dominant contributions to 
the electrical permittivity. Occasionally orientational polarizability may be important if there exists 
small polar units with low activation barriers for re-orientation, such as unbound water molecules. 
By considering the contributions to the electrical permittivity, it can be stated that the optimal 
materials should have no polar groups which can re-orient, the ionic or molecular units should be 
rigidly fixed to their equilibrium positions, and the electronic charge density should be compact and 
non-diffuse. Ideally, the solid should consist of a single element arranged in a space group in 
which every site is identical. In this case there are no polar bonds, and only the electronic 
contribution to the polarizability applies. This idealized situation is attained by probably only one 
dielectric material, crystalline diamond. Even so, the dielectric constant of crystalline diamond is 
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5.7, which is greater than that of Si02 films, 3.9. The reason for this apparent dilemma is 
strikingly simple. The bulk polarizability of a material is a sum of local polarizabilities. 
Decreasing the number of polarizable units (i.e. decreasing the atomic density of the material) is 
often the single most important factor leading to a low k material. In some cases, the density of the 
material is determined not by thermodynamics, but rather by the kinetics of the deposition process. 
This is particularly true for thin films which are often deposited far from equilibrium. Therefore, 
care should always be taken when describing some new low k material, for the deposition 
procedure used to create the material may be as significant in influencing the dielectric constant than 
the intrinsic polarizability of the material itself. 

Orient at ional Molecular Electronic 

RF 

- 
( increasing frequency) 

Mi crow ave Optical 

Fig. . I .  2. The three contributions to the electrical permittivity for solid state materials and the 
frequency range up to which they apply. 

While the existence of a low dielectric constant is a critical requirement for any new low k 
dielectric material, it is far from being the only requirement. For example, it is equally important 
that the new material be chemically compatible with Si microelectronics processing. This 
requirement is extremely stringent. In a typical device fabrication facility the list of approved 
elements only includes H, B, C, N, 0, F, Al, Si, P, Ti, As, W, and, possibly, Co, Cu, and Ta. 
The creation of a new low k material containing any other element than that on the list would face a 
sizable challenge for meeting approval. A low dielectric constant and chemical compatibility are, 
again, far from sufficient for meeting the requirements of a new low k material. An approximately 
complete list of the requirements is shown in Table 1.1. It should be clear from the table that much 
development work is required for almost any new proposed dielectric before that material would be 
able to meet acceptance. 

Table 1.1. List of requirements for new low k interlevel dielectrics. 

1 .  
2. 
3. 
4. 
5 .  

Dielectric constant < 3.9 
Chemical compatibility with Si 
Highly insulating 
Good thermal stability (up to 400°C) 
High resistance to environmental degradation 
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6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 

Low hydrogenlmoisture content 
Compatibility with planarization, lithographic, and etching processes 
Low diffusivity for metallic impurities 
High breakdown voltage 
Low dissipation factor 
Compositional uniformity 
Low void/crack/defect density 
Low compressive stress 
Conformal deposition 
Good adhesion 
Low deposition temperature 
Thickness uniformity over large areas 
Low particle density 
High elastic modulus 
Low shrinkage 
Low thermal expansion 

In this research program, we have focused on three classes of low k dielectric materials: (1) 
novel covalently-bonded ceramic dielectrics, (2) fluorinated Si02 films, and (3) plasma 
polymerized fluorocarbon materials. ( 1) The covalently-bonded ceramic dielectrics include 
materials comprised of carbon, boron, and/or nitrogen, all of which are compatible with Si. These 
materials exhibit unique properties and some promise for exhibiting low dielectric constants due to 
their strong covalent bonding and low molecular weight. (2) Fluorinated Si02 films have 
previously been shown to exhibit dielectric constants in the range of 3.5. In this report we focus 
on some special challenges regarding the stability of these materials. (3) Plasma polymerized 
fluorocarbons exhibit great promise for achieving low dielectric constants using a deposition 
process which is readily compatible with ILD fabrication. As discussed in this report, there are 
technical problems with these materials which need to be solved, however. Finally, there were a 
number of low k dielectric materials that fell outside the scope of this program. These include 
materials such as fluorinated silsesquioxanes, aerogels (highly porous Si02), and numerous 
fluorinated long-chain polymers, including fluorinated polyimides, fluorinated poly(arylethers), 
etc. Research on most of these other materials is either currently supported by other research 
programs or is under the direction of commercial enterprises. 
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11. Covalently-bonded Ceramics: Amorphous Carbon and Boron Nitride? 

Insulators formed from first-row elements are good candidates for low permittivity 
dielectrics, with their bulk dielectric constants in the range - 5 to 8 for such materials as BeO, cubic 
BN (c-BN), and diamond.[ 11 Insulating films of carbon and BN are especially promising due to 
their compatibility with Si processing. Most studies have concentrated on chemical vapor or 
plasma-enhanced chemical vapor deposition (CVD and PECVD) which leads to insulating 
diamond-like carbon, DLC, films (films of amorphous carbon containing hydrogen) and films of 
predominantly hexagonal BN, h-BN. There have been numerous reports of the dielectric constants 
of these materials being less than or approaching that of Si02 (see Table 2.1).[2-111 

Table 2.1. Reported dielectric constants for DLC and BNfilms. 

I Film I Dielectric I Deposition I Ref. 1 

Despite the low dielectric constants, these films are not suitable as interlevel dielectrics due 
to thermal or environmental degradation. At temperatures above - 30O0C, hydrogen comes out of 
DLC resulting in the transformation of C-C:H sp3 bonds to C-C sp2 bonds, as evidenced by 
changes in the Raman spectra and increased optical absorption.[12] This leads to non-insulating 
films which are unsuitable as an interlevel dielectric. h-BN films are hygroscopic, rapidly 
deteriorating under conditions of high humidity.[8,11] These deficiencies can be overcome by 
depositing insulating carbon films free of hydrogen, called amorphous tetrahedrally-coordinated 
carbon (a-tC) and by depositing cubic BN (c-BN) films. a-tC films are stable - as indicated by 
Raman - at temperatures up to - 800°C in inert ambients,[l3] while c-BN is an environmentally 
stable bulk ceramic. The dielectric characteristics of these films are discussed below. 

The a-tC films were deposited using PLD in high vacuum (10-8 - 10-7 Torr) with a KrF 
laser and a rotating graphite target . For some depositions, a background gas of H2 or N2 (10 
mTorr) was also used. The energy density of the laser light focused onto the rotating graphite 
target was adjusted between 5 to 48 Jkm2 leading to films with a varying degree of sp3 bonding. 
In all cases, deposition was performed at room temperature with no subsequent annealing. 

The formation of c-BN films is difficult. Although there have been reports of the formation 
of c-BN using PECVD techniques,[ 141 the volume fraction of c-BN material is lower than that 
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demonstrated for c-BN films prepared by PLD.[lS] In this work, the c-BN films were deposited 
using ion-assisted PLD in high vacuum with a KrF laser, a rotating h-BN target, and a broad-beam 
Kaufman-type ion source. The typical deposition conditions leading to c-BN material were as 
follows: laser energy density=4 J/crn2, ion beam gas mix=60% N2/40% Ar, ion energy=1000 eV, 
ion current450 pA/cmz, and substrate temperature400"C. Under these conditions, the films 
contained greater than 85% c-BN with the balance h-BN, as determined by Fourier Transform 
Infrared (FTIR) Spectroscopy (by h-BN here, and in references below, we refer to all sp2-bonded 
phases of BN, including turbostratic BN and amorphous BN). The stoichiometry of the films was 
verified by Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil Detection @RD) and 
was found to be B:N = 1: 1 within experimental accuracy.[ 151 

Additionally, h-BN films were deposited by PLD (as above, except under conditions which 
favor h-BN formation - lower ion fluxes, lower deposition temperatures, etc.) and by ECR 
deposition. The typical conditions for ECR deposition were 1400W RF power, 70% N2/30% 
B2&, and a substrate temperature of 260°C. h-BN films prepared in this way showed negligible c- 
BN content as measured by FTIR. 

For dielectric characterization, the a-tC films were deposited on heavily-doped (- 0.01 
Qcm) n- and p-type Si substrates as well as on substrates containing a layer of TiW or TiN (- 2000 
A) atop a thick layer of Si02 (- 1 pm) on Si. Due to poor adhesion to the metal films, the c-BN 
and h-BN films were only deposited on heavily-doped to moderately-doped (0.0 1 Qcm and 0.1 to 
30 Qcm) p-type Si. Square and circular Ti-Au or Al contacts were made to the dielectric films 
either by photolithography and lift-off or by metal evaporation through a shadow mask. Diode 
sizes defined lithographically ranged from 50 pm to 400 pm, while those defined by shadow mask 
ranged from - 127 pm to 1270 pm. Actual diode sizes were verified by optical microscopy. 
Backside contacts were made to the p-type wafers by an In-Ga eutectic alloy and to the n-type 
wafers by heat-diffused Sb, followed by the In-Ga eutectic. Typical film thicknesses for the a-tC 
and c-BN films were 1000 A, while the ECR deposited h-BN films were thicker, - 1 pm. Film 
thicknesses were measured by profilometry and, on select samples, were corroborated by 
ellipsometry, transmission electron microscopy, or x-ray reflectivity. Uncertainties in the 
measured film thicknesses are estimated to be up to lo%, leading to uncertainties in the measured 
dielectric constants of up to 10%. 

Current-voltage (N) and capacitance-voltage (CV) characterization were performed on the 
metal-insulator-metal (MIM) and metal-insulator-semiconductor (MIS) diodes at frequencies 
ranging from 20 kHz to 4 MHz. The IV and CV measurements were performed for a variety of 
diode sizes to verify geometric scaling. Capacitances and AC conductances for the MIM diodes 
were typically found to vary by less than 5% over the frequency range 20 kHz to 4 MHz, 
indicating negligible influence of any short time constant trap states in the bulk of the dielectric. 
The insulator capacitance was determined from the MIS diodes by biasing the device towards 
accumulation. Typically, a test frequency of 1 MHz was employed to reduce the contribution of 
any fast interface states. 
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A. Evaluation of a-tC 

The dielectric characteristics of a-tC films depend greatly on the deposition conditions, 
particularly the laser energy density impinging on the graphite target. The measured resistivities 
from MIM diodes for a-tC films (measured normal to the plane of the film) are shown as a function 
of diode size and laser energy density in Fig. 2.1. Each data point represents the median resistivity 
measured from several diodes. At the smallest diode sizes there is a monotonic decrease in 
resistivity with decreasing laser energy density, while this trend disappears at the larger diode sizes 
(the apparent increase in resistivity in the 5.3 Jkm2 sample is likely due to conduction paths 
extending beyond the periphery of the diode - an edge effect), Films deposited at 45 Jkm2 in 10 
mTorr ambients of H2 or N2 showed resistivities > 106 Qcm and less than 100 Qcm, respectively. 
Sheet resistance measurements performed for the 48 Jkm2 and 19 Jkm2 a-tC films on insulating 
substrates uniformly show high resistivities, > 106 Qcm, suggesting that the resistivity drop at 
larger diode sizes and the low resistivities in the samples deposited at low energy density are due to 
low resistivity shorts between the top and bottom electrodes in the film. Scanning electron 
microscopy did not find pinholes or particles in the films at the densities necessary to explain the 
electrical shorting in the film. On the other hand, optical absorption at visible and IR wavelengths 
was found to increase with decreasing energy density, strong C-C stretching modes characteristic 
of 3-fold coordinated sp2-bonded carbon were observed by Raman spectroscopy, and transmission 
electron energy loss spectroscopy showed increased nr-bonded carbon at low laser energy 
densities, suggesting that one possible source of shorts may be 3-fold coordinated, conducting 
regions in the a-tC material. For dielectric characterization, only the most resistive a-tC films 
deposited at the highest laser energy densities were considered. 
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Fig. 2.1. Median resistivities of a-tCfilms measured from MIM structures. 
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The measured dielectric constants of a-tC films, determined from MIM structures with 
TiW, as a function of laser energy density are shown in Fig. 2.2. Characteristics of a sample 
grown in 10 mTorr H2 are also shown. In all cases the normal film resistivities exceeded 106 
Qcm, and the phase angle of the measured admittance was close to -90". The solid circles indicate 
the mean of several measurements on one or two different samples at each deposition condition, 
The error bars reflect the total variation in measured dielectric constants for a particular sample 
deposition condition, not the error associated with each measurement of the dielectric constant 
(which is on the order of lo%, due to thickness uncertainty, as discussed above). For samples 
deposited in vacuum, the dielectric constant is essentially independent of laser energy density and 
falls within the range of 5 to 8, typically being close to 6.5. Surprisingly, the sample deposited in 
an ambient of H2 exhibits a dielectric constant exceeding 8. It might be expected that a-tC films 
deposited in H2 ambients - which show Raman features similar to that of DLC - would show 
dielectric constants similar to that of DLC (about 4.0, see Table 2.1). In contrast to the role of 
hydrogen in (PE)CVD deposition of DLC, a H2 gas ambient used with the PLD of carbon 
produces two effects: it results in the attenuation of the energies of the carbon species in the laser 
ablation plume, leading to the production of material with higher sp2 content - similar to the a-tC 
material deposited at lower laser energy densities; and, secondly, hydrogen bonds to the trigonally- 
coordinated carbon, stabilizing the bonding into 4-fold coordination. Apparently the degree of 
hydrogen saturation of sp2 bonds in the a-tC material may not be as complete as that of DLC 
material (which is grown from a hydrogen containing precursor) and conductive regions of sp2 
material may be present in the sample, thus contributing to higher apparent dielectric constants. 

Fig. 2.2. Measured dielectric constants for a-tC films deposited in vacuum and hydrogen as a 
function of aser energy density. 
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Fig. 2.3. Histogram of measured dielectric constants or a-tC MIM and MIS diodes. 

B. Evaluation of BN 

The c-BN and h-BN films deposited by PLD are highly resistive, with resistivities deduced 
from MIS structures approaching 1014 Qcm. Typical capacitance-voltage (CV) scans for MIS 
diodes on one c-BN sample are shown in Fig. 2.4. Modulation in the CV was observed 
suggesting some movement in the Fermi level at the c-BN/Si interface, but the curves show 
stretch-out and a slight flat-band voltage shift indicating a high density of interface states, 
potentially depressing the capacitance maximum. As a result, the permittivities extracted from the 
measured insulator capacitance, Ci, provide a lower bound for the true film permittivities. 
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Fig. 2.4. CV curves for c-BN MIS diodes measured at 1 MHz. The insulator capacitance is 
measured from the saturated value of the accumulation capacitance. 

Fig. 2.5 is a histogram of the dielectric constants measured from MIS diodes with PLD c- 
BN and h-BN layers and ECR deposited h-BN layers. Two or more separate samples were 
measured from each group. The c-BN samples exhibited the highest dielectric constants of around 
7.5, the PLD h-BN samples were clustered around 5.5, and there was one group of ECR h-BN 
samples less than 4.0 with the other group around 5.5. Although the deposition conditions for the 
ECR h-BN samples were nominally identical, the measurements were perforrned at different places 
on the substrate, with the low dielectric constant measurements being made near the center of the 
wafer and the higher dielectric constant measurements being made near the edge (presumably 
somewhat removed from the main focus of the ECR flux). 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 
Dielectric Constant 

Fig. 2.5. Histogram of dielectric constants of BNJilms. 
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C. Discussion of dielectric properties 

Table 2.2 summarizes the average dielectric constants measured for the PLD a-tC and BN 
films and the ECR BN films along with the dielectric constants of bulk diamond and BN. The 
dielectric constants for the PLD films are both higher than the (PE)CVD film equivalents and are 
comparable to the bulk values. These two results may be readily understood upon examining the 
characteristics of the PLD process and the resulting films. The deposition rate for PLD tends to be 
slower than that of (PE)CVD, about 0.3 pmhr compared to the ECR process of 5 cLm/hr for the 
films discussed here. In addition to the slower growth rate, PLD is an energetic process in which 
neutral species with energies of the order of 10 eV and ions with energies of the order of 100 eV 
form the deposit. These energies are high enough that subsurface growth (Le. implantation) 
occurs. Finally, as discussed earlier, the PLD process can be performed in vacuum ambients 
where there is little opportunity for background gas or reaction species (CHx, for example) to be 
incorporated into the growing film. These characteristics all contribute to the formation of films 
with higher densities than their (PE)CVD counterparts. The densities of a-tC films deposited with 
a laser energy density of 45 Jkm2 have been measured by x-ray critical angle reflectivity and were 
found to be over 3.0 g/cm3.[16] This is less than the density of crystalline diamond, about 3.5 
g/cm3, but is approximately 50% denser than typical DLC films (densities around 1.7-2.3 g/cm3, 
which is comparable to that of graphite, 2.2 g/cm3).[17] The influence of a-tC film density on 
measured film pennittivities is shown in Fig. 2.6. The observation that the dielectric constants of 
a-tC films exceeds that of crystalline diamond despite the lower densities for a-tC is an indication 
of heterogeneity in the structure of a-tC. As a simple approximation, if we assume the internal 
structure of a-tC is described by the presence of conductive spheres (e.g. 3-fold regions) in an 
insulating matrix (4-fold regions), then the permittivity enhancement is adequately described by the 
Maxwell-Wagner effect.[18] The observed dielectric constant for a-tC films shows no dispersion 
over the frequency range -70 kHz to 4 MHz. This is not inconsistent with a heterogeneous 
dielectric. Again, assuming a simple Maxwell-Wagner model, no strong dispersion is expected 
until the measurement frequency exceeds several GHz, see Fig. 2.7. In actuality the a-tC material 
cannot be simply described by a system of conductive spheres in an insulating matrix. Most 
theoretical models indicate that the 3-fold regions do not cluster, rather than link into chain-like 
structures with fractal dimension between 1 and 24 191 The electronic transport in this system is 
governed by hopping conduction along the chain-like structures combined with chain to chain 
tunneling.[20,21] 
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Table 2.2. Measured dielectric constants of a-tC and BNfilms. 

I Material I Dielectric 1 

density of diamond 

10 2 0  3 0  4 0  5 0 2  6 0  
Laser Energy Density (Jkm ) 

Fig. 2.6. Correlation offilm density and dielectric constants for a-tC and DLCfilms. 
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Fig. 2.7. Measured and simulated dispersion of the dielectric constant for an a-tCJiEm. The model 
assumes afilm with 20% volume fraction of conductive spheres in an insulating matrix. 

The situation for BN films is very similar to that for a-tC. Measured densities for the PLD 
films are similar to the bulk densities of h-BN and c-BN, while the measured densities for the ECR 
films are up to 50% less (in the range of 2.4 g/cm3). This density difference is sufficient to explain 
the observed variation in dielectric constants. The reason for the large difference in dielectric 
constants for the ECR films (prepared identically, but measured at different points on the wafer) is 
not well understood; differences in film density or potential non-stoichiometry in the film near the 
edge of the wafer may be playing a role. 

The requirements of thermally and environmentally stable carbon-based or BN films for 
microelectronics and the need for low permittivities may be fundamentally conflicting. It is the 
addition of hydrogen to sp2-bonded carbon which enables the formation of sp3-bonded carbon. In 
order to create sp3-bonded carbon films in the absence of hydrogen, high internal compressive 
stresses (hence, high atomic densities) may be required - at least during film deposition - to 
promote the formation of sp3 bonds over sp2 bonds.[22] Hence, thermally stable, hydrogen-free 
carbon films may always coexist with higher permittivities. The formation of c-BN over h-BN 
may also require high internal stresses/atomic densities; thus, leading to higher permittivities. 
Therefore, attempts to combat environmental degradation in PECVD BN films via the formation of 
c-BN while maintaining low permittivities may be ineffective. Because of the high permittivities, 
applications for hydrogen-free DLC or c-BN films should take advantage of their high thermal and 
environmental stabilities, e.g. application as thin encapsulants or diffusion barriers. Indeed, the 
potential of DLC as an encapsulant has already been discussed.[23] 

The dielectric behavior of a-tC and BN films can be summarized succinctly: the observation 
of low dielectric constants for carbon and BN films deposited by PECVD processes is a result of 
low film densities. When the films are deposited by non-CVD, energetic processes which lead to 
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dense, bulk-like film densities, the observed dielectric constants are, as expected, bulk-like. The 
enhanced film density for these non-CVD processes improves the film's resistance to thermal and 
environmental degradation. There may be microelectronic applications (e.g. diffusion barriers) 
which could benefit from such films. 

?In collaboration with T. A. Friedmann, C. A. Apblett, P. B. Mirkarimi, K. F. McCarty, M. P. 
Siegal, N. Missert, and M. L. Lovejoy. 
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111. Covalently-bonded Ceramics: Boron-Carbon-Nitrogen Ternaries? 

To explore the possibility of synthesizing a new low k dielectric composed of B, C, N - all 
of which are compatible with Si processing - a materials research effort was initiated. The known 
bonding and properties of compounds comprised from the first-row elements B, C, and N show 
tremendous variability - ranging from metallic, layered, 3-fold coordinated graphite to highly 
insulating, tetrahedrally-coordinated diamond and cubic boron nitride (c-BN), to the 
semiconducting boron carbides which are distinguished by their icosahedral-based crystal 
structures. Of these materials, ternary alloys and compounds of boron-carbon-nitrogen (BCN) 
have received much recent interest for their potential applications as ultra-hard materials,[ 11 
electrodes for electrochemical cells[2], or highly-efficient cold cathode electron emitters.[3] 
Considerable theoretical[4,5] and experimental[6- 1 13 work has been performed to understand the 
bonding, properties, and fabrication of these materials. One issue which has remained is the nature 
of the local atomic bonding in these materials. Recent experimental work has contributed to the 
development of two differing views: one of local phase segregation into graphite and hexagonal 
BN (h-BN)[7] and the other of local intermixing of the three elements.[6] Since most experimental 
evidence suggests that BCN compounds are thermodynamically unstable with respect to 
dissociation into carbon and BN,[9] routes to achieving true atomically-mixed phases of BCN 
must rely on deposition or growth processes far from equilibrium. In this work, we have focused 
on the deposition of BCN thin films using pulsed-laser deposition (PLD). PLD has been 
successfully used in the past to deposit metastable materials under conditions in which bulk 
synthesis under equilibrium conditions could not occur, e.g. the deposition of c-BN at 
temperatures < 400°C.[12] To gain insight on local bonding in BCN materials we have 
investigated the structural and bonding properties of these films using transmission electron 
microscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, and electrical 
measurements. We have also measured the field emission properties of these materials to assess 
recent claims of superlative electron emission properties for BCN films.[3] 

The thin films of BCN were deposited using PLD with a KrF (248 nm) laser focused to an 
energy density over 40 J/cm2 on to a rotating solid target of either B4C (Cerac Inc., 99.5% purity) 
or a mixed target consisting of 2/3 pyrolytic graphite and 1/3 pyrolytic h-BN. Typical film 
thicknesses ranged from - 60 - 130 nm. Deposition was performed on either Si substrates or 
metallized Si substrates consisting of W(200 nm)/Si02( lo00 nm)/Si. The substrate temperature 
was varied from room temperature to 500°C by either resistive heating of the substrate (for Si 
substrates) or thermal contact with a resistively heated substrate (for the metallized Si substrates). 
For all of the BCN samples deposited by PLD from the B4C target and for some of the samples 
deposited by PLD from the graphite/h-BN target, additional nitrogen was supplied to the film using 
a broad-beam Kaufman-type ion source. Both pure N2 beams and mixed N2/Ar beams were used 
with beam voltages ranging from 200 to 800 V and ion fluences on the substrate, assuming single 
ionization, ranging from - 3 x 1014 cm-2sec-1 to - 101s cm-2sec-1. For comparison, the average 
fluence of B, C, or N species deposited on to the substrate via laser ablation of the target was - 5 x 
lOI4 cm-2sec-l (approximate deposition rate of 2.5 nm/min). The chamber background pressure in 
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the absence of ion irradiation was 10-8 Torr and, during ion irradiation, 10-4 Torr (all N2 or 
N2/Ar). 

Plan-view transmission electron microscopy (TEM) and diffraction (120 keV) was used for 
structural characterization. The TEM samples were prepared by ultrasonic drilling of 3 mm disks 
from the sample, mechanical polishing, and chemical etching of a small hole (0.5 - 1.0 mm) using 
HF/HN03/CH3COOH. The BCN films showed no evidence of chemical etching and, thus, 
formed unsupported membranes. Compositions of the deposited BCN compounds were measured 
using ion beam analysis. The carbon and nitrogen concentrations were measured by Rutherford 
backscattering (RBS) while the boron concentration was measured using elastic recoil detection 
(Em). Both FTIR and Raman spectroscopy were used for vibrational Characterization. Electrical 
characterization was performed on BCN samples deposited on metallized Si substrates. Ti/Au top 
metal contacts were fabricated by photolithography and lift-off or deposition through a shadow 
mask. Field emission characterization was performed in a scanning electron microscope (SEM) 
with base pressure - 10-7 Torr. Direct electrical connection to the metallized substrate was used for 
the cathode contact and a 2 mm diameter stainless steel ball suspended 10 - 50 pm above the 
sample was used as the anode. Following emission characterization, the SEM was used to verify 
that no damage (e.g. cratering due to electrical discharge) had occurred during testing. 

The deposition conditions used in this study led to BCN compounds clustered at three 
compositions as shown in Fig. 3.1. Ablation of a B4C target with N ion irradiation led to BCN 
alloys with compositions falling close to the carbon-deficient end of the BN-C tie line 
(composition close to BCo.15N). Constant ion irradiation conditions of 800 V acceleration, pure 
N2, and ion fluences of - 4 x 1014 cm-*sec-1 were used, while the substrate temperature was 
varied from 100°C to 300°C. The highest N concentration in the BCN alloys occurred for samples 
deposited at a substrate temperature of 100°C, suggesting that N incorporation in the films 
decreases at higher deposition temperatures, as is also observed in ion-assisted PLD of AlN.[13] 
Deposition at temperatures up to 500°C gave similar film properties to those discussed here, and 
were, thus, not characterized separately in terms of composition. 

16 



C 

g rap h it e I h- BN 

I 
BN ‘N 

Fig. 3.1. Measured compositions for BCN thin films deposited by PLD using B4C targets and N 
ion irradiation or composite graphiteh-BN targets (in a ratio of 2 : l )  with and without N ion 
irradiation. 

In order to achieve a film composition close to BQN, PLD using a composite 2/3 graphite 
and 1/3 h-BN target was performed. BC2N is an approximate composition that is readily obtained 
by chemical vapor deposition (CVD) from acetonitrile and boron trichloride.[ 10,141 This 
composition has also received considerable theoretical interest in terms of its potential bonding and 
electronic structures.[4] The measured compositions of the BCN films using this composite target 
and substrate temperatures from - 25°C to 300°C are shown in Fig. 3.1. The measured 
compositions are all more carbon-rich (approximate composition close to BCD) than the intended 
composition, BC2N, and show little sensitivity to substrate temperature (the sample with the 
lowest carbon concentration was deposited at’a substrate temperature of 300°C). The high carbon 
concentrations (BC,N, x > 2) observed for the deposited films is probably due to an 
unintentionally high carbon concentration in the ablation target, rather than from a loss of B and N 
in the film during the ablation process. 

Ion-assisted PLD using the composite target was also performed. Ion irradiation 
conditions of 200 - 800 V acceleration, pure N2, and ion fluences of - 8 x 1014 cm-%e,-1 were 
used, while the substrate temperature was varied from - 25°C to 300°C. Measured compositions 
are shown in Fig. 3.1. The sample with the highest N concentration was deposited with 200 V ion 
acceleration at a substrate temperature of 150°C (higher substrate temperatures, 3OO0C, and higher 
accelerating voltages, 800 V, led to lower N concentrations in the film). 

The compositions for BCN films deposited using other techniques can also show large 
ranges. In addition to compositions near BC2N using CVD with acetonitrile and BCl3, 
compositions near B2C5N using CVD with BCl3 and mixtures of acetylene, ammonia, and carrier 
gases,[ 151 compositions near B 1 .0C0.7N0.7 using electron cyclotron resonance CVD,[ 161 and a 
wide range of compositions using pyrolytic deposition[ 171 have been observed. This suggests that 
there is little driving force for line compound formation in this system. 
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Structural characterization of the BCN films was performed using plan-view TEM and 
electron diffraction. Electron diffraction for all the films typically showed 4 weak, diffuse rings. 
Imaging under bright-field conditions indicated little discernible contrast, while dark-field imaging 
using the innermost ring (indexed as 002) revealed a high density of nanocrystallites with typical 
dimensions less than 5 nm. 

X-ray diffraction was found to be ineffective for structural analysis due to these extremely 
fine crystallite sizes and small film thicknesses, so electron diffraction analysis was employed. 
Fig. 3.2 shows measured d-spacings and relative intensities (approximately logarithmic) for the 
BCN films and related compounds.[ 181 The dominant peak occurs at an approximate d-spacing of 
3.50 A for BCN films deposited using B4C targets and N ion irradiation and a d-spacing of 3.38 A 
for BCN films deposited using the graphite&-BN composite target with and without N ion 
irradiation. The other peaks are generally consistent with the (001) and (hk0) peaks of turbostratic 
hexagonally layered compounds of graphite, h-BN, or h-BCN, which strongly suggests the 
existence of a layered structure to these BCN films. There may be evidence of other phases, 
however. The strong peak near 2.12 observed in the BCN films is also near the dominant (1 11) 
peak of cubic BN (c-BN), suggesting a possible contribution from c-BN in the films [it should be 
noted that dark-field imaging using an aperture centered on t2ais second ring did not reveal a clearly 
different structure than dark-field imaging centered on the (002) ring, however]. 

3.40 3.00 2.60 2.20 I BO 1.40 1 .0Q 
D-spacings (A) 

Fig. 3.2. Electron diffraction peak positions and intensities for BCN films (bottom 2 panels) 
compared to peak positions and x-ray intensities for related compounds (top panels). Approximate 
logarithmic peak intensities are shown. The suggested assignment of reflections for the peaks in 
the BCNfilms is shown. 
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Some possible evidence for the presence of c-BN may be found in the BCN films' FTIR 
spectra. Reflectance FTIR of a BCN film deposited from the B4C target with N irradiation and a 
substrate temperature of 250°C is shown in Fig. 3.3. Vibrational modes near 800 and 1400 cm-1 
are similar in peak position and relative intensities as those frequently found for h-BN films, while 
the vibrational mode near 1100 cm-1 is consistent with the presence of c-BN in the film.[ 121 A c- 
BN component to the film would not be surprising; c-BN films have been formed under similar 
deposition conditions using N ion irradiation and ablation from an h-BN target (as opposed to the 
B4C target used here).[l2] B-C vibrational modes would provide an alternative explanation for the 
peak near 1100 cm-1, however. Vibrational modes of bulk B4C are relatively broad but are also 
peaked near 1080 cm-1. 

3000 2500 2000 1500 1000 500 

Wave numbers (cm- ') 

Fig. 3.3. FTIR spectrum of a BCNfilm prepared by PLD using a B4C target, N ion irradiation, 
and a substrate temperature of 250°C. Vibrational bands near 800 and 1400 cm-1 likely 
correspond to h-BN vibrational modes. The band near 11 00 cm-1 likely corresponds to c-BN, but 
B-C vibrational modes are also possible. 

The peaks near 800, 1100, and 1400 cm-1 were present in all of the samples prepared by 
ablation of the B4C target, but their relative intensities varied (the 800 and 1400 cm-1 peaks always 
being the most prevalent). These peaks were much less pronounced in films prepared by PLD 
using the composite graphite/h-BN target. Since these films also contained much lower 
percentages of B and N, this is, again, consistent with the assignment of these peaks as being BN- 
related. Both the approximate d-spacings and FTIR spectra observed for the BCN films here are 
similar to other BCN films deposited by a variety of methods. The measured d-spacings of - 3.38 
A and 3.50 A are in the middle of the range for reported d-spacings for BCN compounds, - 3.3 to 
3.6 A.[19] In addition, FTIR spectra which are dominated by BN-like vibrational modes are not 
uncommon. [ 161 Given that diffraction, particularly for the nanocrystalline films, is not 
discriminatory amongst various bonding configurations for B, C, and N and FTIFt is not sensitive 
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to carbon structures in the films (C-C bonds are non-polar and, hence, not FTIR-active) additional 
characterization is required. 

In order to examine the carbon bonding structures in these films Raman spectroscopy was 
employed. Fig. 3.4 shows a representative Raman spectra for a BCN thin film sample deposited 
using the composite graphite&-BN target at a substrate temperature of 300°C with no N ion 
irradiation. An excitation wavelength of 458 nm was used in order to reduce background 
fluorescence. This background fluorescence is similar to that observed in pure BN films and is 
suggestive of the presence of a BN component to the films.[20] It was paaicularly strong in fdms 
deposited using the B4C target, but was weak in samples deposited using the composite target 
(which have lower BN concentrations). The Raman spectra in BCN films is dominated by a broad 
peak near 1200 - 1700 cm-1 associated with carbon-related structures and a much weaker peak near 
500 - 800 cm-1 which is in a range commonly observed for vibrational bands in singly-bonded B, 
C, and N compounds (see inset of Fig. 3.4). The broad peak near 1200 - 1700 cm-1 has a line 
shape and peak position very similar to that observed for pure carbon films deposited using PLD 
from graphite at low (I 5 J/cm2) laser energy densities or PLD carbon films containing 
nitrogen.[21] The peak line shape shows asymmetry and high intensity out to 1400 cm-1, which is 
distinctly different than the line shape of pure carbon films deposited using PLD of graphite at high 
(- 40 J/cm2) laser energy densities, which typically shows a narrower, more symmetrical peak at - 
1570 cm-1.[21] This enhancement in peak intensity at lower wave numbers is illustrated by fitting 
the broad peak with multiple components associated with the vibrational modes of a variety of 
carbon ring structures. Using the vibrational frequencies computed theoretically for isolated 5,6, 
and 7-member carbon rings by Doyle and Denison[22] and vibrational frequencies of 1360 cm-1 
and 1600 cm-1 for the A1 and E2 modes of 6-member rings in nanocrystalline graphite, the relative 
intensities of contributions from pure graphite-like bands and other carbon ring structures (5- and 
7-member ring structures in the present case) are obtained, see main panel of Fig. 3.4. The broad 
peak is dominated by the lower frequency contributions. For these BCN films, a likely 
explanation for the lower frequency non-graphite vibrational bands are B andor N-substitution in 
carbon structures. The hypothetical stable structure for h-BQN,[4] which consists of alternating 
C2 and BN chains in a graphite-like structure, is one example of such a B, N-substituted carbon 
structures (to our knowledge, the expected vibrational frequencies for the hypothetical BC2N 
structure have not been calculated). 
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Fig. 3.4. Raman spectrum of a BCNfilm prepared by PLD from a composite graphiteh-BN target 
with no N ion irradiation and a substrate temperature of 300°C. The inset shows the complete 
spectrum, while the main panel shows detail of the carbon-related peak near I200 - 1700 cm-1. 
The lightly shaded lines represent numerical fits to this peak assuming vibrational ffequencies for 
graphite and lower Vibrational frequency carbon-related structures (e.g. 5- and 7-membered carbon 
rings). The small peak near 500 - 800 cm-I in the inset is likely related to B-C, B-N, C-N, etc. 
bonds. 

BCN samples containing higher percentages of B and N show greater intensity at lower 
frequencies for the dominant Raman peak (the dominant peak position shifts from - 1560 cm-1 to - 
1430 cm-1). This is suggestive of an even greater degree of B or N substitution into carbon-related 
structures. B-substitution into carbon structures may be expected to lower vibrational frequencies 
by lowering the average bond order in p-bonded carbon structures due to a reduction in the total 
number of valence electrons available for bond formation. Alternatively, lower vibrational 
frequencies are expected for any B or N substitution which leads to lower strain energy in the 
bonds. 

The broad peak near 500 - 800 cm-l in the Raman spectrum occurs at a position for a 
number of possible vibrational bands for compounds containing single B-Cy B-N, C-N bonds. 
This peak was enhanced for samples containing a higher percentage of B and N, which suggests 
that bonding between these elements and carbon constitutes a significant fraction of the peak 
intensity in this region. Some slight intensity was also observed at - 2220 cm-1 in BCN films 
deposited under N ion irradiation, particularly at low substrate deposition temperatures. These 
high frequency vibrational modes are likely associated with triply-bonded structures, e.g. C=C or 
C=N. 
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Raman spectroscopy of BCN samples has only occasionally been employed. Andreev et 
al. have observed Raman bands for nitrided B4C at 1332 - 1336 cm-1 and other bands near 1553 
cm-1 which were attributed to h-BN derived and graphite derived features, respectively.[l9] As 
also found here, however, the peak positions were shifted from their bulk analogs, suggesting 
some compositional intermixing. 

The electrical properties of the BCN films were investigated by resistivity measurements 
normal to the film plane and field emission measurements from the surface of the films. 
Resistivities were measured at room temperature from the current-voltage (I-V) characteristics 
across the thickness of the film. All samples were found to be conductive, exhibiting ohmic 
behavior and typical resistivities ranging from - 1 x 102 Qcm to 1 x 1@ ncm. In general, the 
most resistive samples were found for samples deposited at - 25°C from the composite graphiteh- 
BN target, and the most conductive samples were those BCN films deposited at high temperature, 
- 30O0C, using either the B4C or composite targets. In this measurement geometry, the resistivities 
are particularly sensitive to the presence of any conductive phases in the film which can short the 
bottom and top contacts. Two-point resistivity measurements made on one sample deposited on to 
an insulating substrate (sapphire) indicated a resistivity in the plane of the film of - 2.5 x 103 Qcm 
(assuming negligible contact resistance for the Au wire probes). This is close to the resistivity 
normal to the film, which, at a minimum, suggests that the conductive component to the films are 
well-connected and well-distributed throughout the film (e.g. above the percolation threshold). 
Most samples showed spalling on the sapphire substrates, so few in-plane resistivity 
measurements were performed. It is interesting to note that the deposition of films using PLD 
from graphite targets or h-BN targets separately leads to amorphous tetrahedrally coordinated films 
(a-tC) or c-h-BN films with resistivities > lo7 Qcm and > - 1013 Qcm, respectively.[23] Clearly, 
the conductive BCN films fabricated by deposition from the mixed graphiteh-BN target are not 
simple mixtures of a-tC and c-/h-BN, rather there must be atomic-level mixing of the constituents 
leading to the higher conductivities (classical doping effects are unlikely given the always high 
atomic concentration of the minor component). 

The similarity in measured resistivities amongst the various BCN samples suggests the 
conductive phase in each of the films may be similar. One potential source for the conductive 
component to the films is carbon alloys with boron or nitrogen. Electrical measurements of 
"nitrogen-dopedt carbon films deposited by PLD of graphite at room temperature in an ambient of 
10 mTorr N2 (N content in the films up to - 30%) show a marked drop in resistivity with respect 
to the "undoped films", from > 107 Qcm down to 10 to 102 Qcm.[23] This is a similar resistivity 
range as observed for the BCN films. The resistivities for the BCN films in this work tend to be 
higher than those reported for other BCN films. Reported resistivities for CVD BCN thin films 
range from < 10-1 Qcm[24][25] to - 2 Qcm[26] up to 2 x 103 Qcm.[ll] For BCN films deposited 
using PLD with deposition conditions similar to those reported here, Pryor has reported film 
resistances for 150 nm thick films of 6 - 80 x 103 Q, which roughly correspond to film resistivities 
of - 0.2 to 2 Qcm.[3] In general, the lower film resistivities are observed for BCN films deposited 
or processed at higher temperatures, and this is probably related to increased crystallization of the 
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conductive graphite-like components and/or a reduction of the amount of tetrahedrally coordinated 
(diamond-like) carbon within the films. 

Additional insight into the electrical properties of the BCN films was obtained by field 
emission measurements. In brief summary, representative samples from both the carbon-rich end 
of the BN-C tie line (e.g. a sample deposited using the composite graphite&-BN target without N 
ion irradiation) and samples near the carbon-deficient end of the BN-C tie line (e.g. a sample 
deposited using the B4C target and N ion irradiation) were examined. Electrical contact to the f h  
was made via the W metal layer beneath the film and a stainless steel ball, 2 mm in diameter 
suspended 20 - 50 pm above the BCN surface was used as the anode. Details of the 
measurements are described elsewhere.[27] Fig. 3.5 shows typical I-V emission spectra for the C- 
rich and C-deficient BCN films, along with a typical emission spectrum for a pure carbon film 
deposited by PLD from a graphite target (the current at high field is limited by a 2 M a  ballast 
resistor in series with the cathode). Pryor has measured the initiation of electron emission for 
BCN films apparently within the composition range of the BCN films measured here and found 
extremely low turn-on voltages (< 1 V/pm).[3] These emission characteristics would be much 
better than those of any other non-surface treated (e.g. non-cesiated) cold cathode emitting material 
that we are aware of. In contrast to Pryor's results, we find that the turn-on voltages for both 
compositions of BCN films measured here are not extremely low and are, in fact, higher than those 
of comparable cold cathode emitters, e.g. carbon films deposited by PLD. The turn-on voltage for 
the carbon-rich BCN film is high, > 120 V/pm, while the turn-on voltage for the carbon-deficient 
film BCN film is much lower, - 50 V/pm. A typical PLD carbon film deposited by ablation from a 
graphite target at 5 J/cm2 in vacuum has a turn-on voltage lower still of - 20 V/pm.[27] Recently, 
even lower turn-on voltages have been reported for nitrogen containing hydrogenated amorphous 
carbon films, down to as low as 4 V/pm.[28] 

0 5 0  100 150  200  
Applied Field (V/pm) 

Fig. 3.5. Field emission current as a function of applied field for a carbon-rich BCN film 
(deposited by PLD using a composite graphiteh-BN target), a carbon-deficient BCN film 
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(deposited by PLD using a B4C target with N ion irradiation), and an amorphous carbon film 
(deposited using PLD from graphite at a laserfluence of - 5 J/cm2). A ballast resistor in series 
with the samples limits the current at high fields. The arrows represent the "turn-on" threshold of 
electron emission. . 

The mechanism for field emission in carbon-related materials is still unresolved. While the 
work function at the surface may be important, equally important are the geometry, morphology 
(including sample heterogeneity), and conductivity of the emitting material. While field emission 
from BCN films may be readily obtained, we have not found the films to be substantially better 
emitters than pure carbon films. Since the electrical measurements are suggestive of the presence 
of a B- or N-"doped" conductive carbon component to the film, some of the field emission 
characteristics may be related to this component of the film. It is interesting to note, however, that 
the C-deficient films are apparently better emitters, which is contrary to expectation. The C- 
deficient films, which were deposited from the B4C target with N ion irradiation, contain higher 
particle densities on the surfaces (related to higher particle generation from the B4C target). 
Whether this has an effect on the field emission properties is under investigation (it should be 
noted, however, that geometrical field enhancement of emission is unlikely due to the small particle 
size and large film to anode separation). 

In summary, the local atomic bonding in BCN films is difficult to assess. BCN films 
deposited using PLD with B4C targets and N ion irradiation or composite graphiteh-BN targets 
with and without N ion irradiation show similar bonding properties despite their dissimilar 
compositions. Our measurements indicate that the bonding is likely heterogeneous, but on an 
extremely fine length scale (a few nm). The evidence for the various bonding structures is outlined 
below: 
(1)  Transmission electron diffraction indicates the samples have a layered structure, with similar 
electron diffraction to turbostratic graphite, turbostratic BN, or h-BCN. Some c-BN bonding may 
also be present, however. 
(2) FTIR indicates vibrational modes which are similar to those of h-BN. Vibrational modes 
characteristic of c-BN are present in some films, but B-C vibrational modes, which occur at the 
same frequency range, are also possible. The BN-like modes appear stronger in BN-rich BCN 
films. 
(3) Raman spectroscopy shows fluorescence characteristic of BN films for the BN-rich BCN 
films. All samples show strong peaks characteristic of carbon structures, particularly carbon z- 
bonded or 3-fold coordinated structures with B and/or N substitution. B, C, and/or N singly- 
bonded structures also seem to be present, as well as triply bonded C S  or G N .  
(4) Electrical characterization indicates the presence of a pervasive conductive component to the 
films. Measured resistivities are similar to those of N-containing carbon films deposited by PLD. 
(5 )  Field emission properties are similar to those of other carbon-related films, and do not appear to 
be a dramatic improvement over other materials. 

Because these BCN films are deposited far from equilibrium, there is probably no single 
local bonding structure which adequately depicts the true bonding and properties. Instead, it is 
likely, that the films possess a few bonding structures, with h-BN and conductive, B- or N- 
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"doped" carbon being the dominant bonding manifestations. The high conductivities observed for 
all BCN compositions indicates that it is unlikely that any suitable low k dielectric can be 
synthesized from ternaries of B, C, and N. 

?In collaboration with T. A. Friedmann, N. Missert, D. R. Tallant, P. P. Provencio, J. C. 
Barbour, S .  C. Fleming, M. L. Lovejoy, and S. R. Kurtz. 
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IV. Thermal Stability of Fluorinated Si02 Films: Effects of Hydration and Film- 
Substrate Interaction? 

Fluorinated Si02 (SiOF) films have emerged as a leading candidate to replace Si02 as an 
interlevel dielectric (ILD) for future ultra-large scale integrated microelectronics. [ 13 It is 
acknowledged, however, that SiOF films can exhibit instability problems, particularly in their 
tendency for moisture absorption.[2] The tendency for moisture absorption is very sensitive to the 
deposition process and deposition conditions. It is generally observed that SiOF films that are 
deposited using a high density plasma process [ e g  electron cyclotron resonance (ECR) or helicon 
plasma chemical vapor deposition (CVD)] produce SiOF films with improved degradation 
resistance, possibly due to preferential elimination of weakly-bonded F. [3] Further improvement 
is obtained by using an electrical bias between the substrate and plasma[4] and depositing the SiOF 
films at elevated temperature.[5] Even though these processes lead to significant improvements in 
degradation resistance, the ultimate stability of these films when integrated with Al interconnects 
and other microelectronic materials is not fully known. In this study, the thermal stability of SiOF 
f h  deposited using ECR CVD with a biased substrate at elevated temperature was examined as a 
function of both F content and substrate type. 

The SiOF films were deposited in an ECR plasma reactor using a gas mixture of Si&, 
SiF4,02, and Ar. The F content of the films was controlled by adjusting the ratio of flow rates, 
Si€Q:SiF4, from 0: 1 to 4.7: 1, yielding films with F contents ranging from 1 1 % to approx. 2.5%, 
respectively (as measured by Rutherford Backscattering Spectroscopy, RBS). The microwave 
power used to excite the plasma was 1500 W and the RF bias power from substrate to plasma was 
2300 W. The substrate temperature was 330°C. These conditions have previously been found to 
lead to SiOF films with excellent thermal stability on Si. 

Four types of substrates were used in this study: high resistivity Si, Al(0.29 to 0.7 pm)/Si, 
TiN(0.05 pm)/Al(0.7 pn)/Si, and Al( 1 .O pm)/SiO2( 1 .O pm)/Si. The thick Al layers were sputter 
deposited at 100°C with an intentional Si-doping of 0.75%. For most of the samples, the SiOF 
deposited layer was 0.15 to 0.19 pm thick, and all measurements were taken approx. 2 to 14 days 
after film deposition and unloading (outside the deposition system, the samples were exposed to 
normal room ambient conditions). For a few samples, identified as "thick SiOF", the SiOF layer 
was much thicker, 0.8 to 0.9 pm, and the measurements were taken more than 6 mos. after film 
deposition and unloading. 

"Hydration" treatments were performed by boiling the samples in distilled H20 for one 
hour (95OC and 690 Torr). All annealing treatments were performed at 400°C, in vacuum (2 x 10-6 
Torr), for 30 min., unless otherwise noted. Other annealing ambients (forming gas or Ar) gave 
similar results to those found for the vacuum anneals. The annealing temperature was chosen to 
approximate the thermal budget the SiOF films would need to withstand during processing as an 
IMD. 

Electrical characterization was performed on the SiOF layers on the metallized substrates. 
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(High interface state densities and high substrate resistivities prevented accurate determination of 
the SiOF film capacitance for layers deposited on Si substrates.) Contact was made to the metal 
layer beneath the SiOF by photoresist masking and reactive ion etching through the SiOF. Shadow 
mask deposition of circular Ti/Au contacts were made to the top surface of the films with diameters 
ranging from approx. 200 pm to 1000 pm. Uncertainties in the measurement of film capacitance 
changes following annealing were greatly reduced by measuring the exact same contacts 
immediately prior and following the anneal step. 

Ellipsometry and Fourier Transform Infrared (FTIR) spectroscopy were performed on 
SiOF layers on Si substrates. RBS and elastic recoil detection (ERD) of hydrogen were performed 
on samples on all types of substrates. High resolution transmission electron microscopy 
(HRTEM) and nanoprobe energy dispersive analysis by X-rays (EDAX) were performed on SiOF 
layers on AI- and TiN-coated substrates. These latter samples were prepared by mounting the 
samples film surface to film surface, mechanical thinning, and ion milling to electron transparency 
( < 50 nm thick). 

Moisture absorption is known to be a concern in SiOF films.[l-101 In order to quantify 
this effect in these films, hydration was performed on all films. Fig. 4.1 shows the effect of 
hydration on the SiO-H absorbance in low and high F content SiOF layers on Si as measured by 
FTIR. Hydration was found to increase the absorbance in high F (1 1% F) content layers while 
only negligible changes were observed in the middle (6%) to low (2.5%) F content films. Despite 
the increase in SiO-H absorbance, the total absorbance signal was still very small compared to the 
dominant vibrational modes (< 0.5% of the Si-0 peak). A slight drop in the Si-F/Si-0 ratio of 
about 3.3% was also observed in the high F content films following hydration, while negligible 
changes occurred in the low F content films. There was no noticeable increase in absorbance at 
frequencies associated with the H-OH stretch of water in all films following hydration. 
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Fig. 4. I .  SiO-H absorbance as measured by FTIR before and after hydration for 2.5% and I I % F 
SiOF films. 

The changes which occurred in the film as a result of hydration were not limited to SiOF 
films on Si. Fig. 4.2 shows the hydrogen increase in an 11% F content SiOF layer on AUSi as 
detected by ERD. ERD measures H from all sources, including Si-OH bonds, Si-H, and trapped 
H20. While the H concentration of the virgin (un-hydrated) samples which were analyzed 2 to 14 
days after film deposition were all similar, the H content of thick SiOF films deposited > 6 mos. 
before analysis were higher, being approximately 2% for the low F (2.3% F) films and 3% for 
high F (1 1% F) films. This suggests that exposure to room ambient conditions is sufficient to lead 
to hydration over time. After annealing the hydrated films, no noticeable change in absorption at 
3660 cm-1 was found, as shown in Fig. 4.3. This is consistent with thermal desorption spectra 
(TDS) for plasma-enhanced CVD Si02 films in which no significant changes were observed in the 
SiO-H absorbance until the anneal temperature exceeded 40O0C.[1 13 
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Fig. 4.2. Atomic H concentration in an 11 5% F SiUFjZm on AWSi before and afer hydration. 

, 4 1 1  I I I I  I l l 1  , I , ,  , I , ,  

11% F SiOF hydrated 

3550 3600 3650 3700 3750 3800 
Wavenum ber (cm- ’) 

Fig. 4.3. SiO-H absorbance for hydrated SiOFfilms before and afer annealing. 

The effect of the moisture-induced instability was determined by measuring capacitance 
changes in the SiOF layers following annealing. Table 4.1 summarizes the capacitance changes for 
high F content films as a function of substrate type, F content of the film, and anneal temperature. 
It was found that all high F content films exhibited a decrease in capacitance following annealing 
independent of substrate type. The capacitance drop was dependent on the F content of the film, 
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however, as shown in the middle section of the table. For low F content f h s ,  a slight capacitance 
increase was observed. Finally, it was observed that the capacitance change following annealing 
began to show noticeable changes following the 2OOOC anneal. Since slight thickness changes in 
the SiOF film could be responsible for the observed capacitance changes, ellipsometry was 
performed on SiOF layers deposited under identical conditions to those above except on Si 
substrates. Changes in film thickness following annealing or hydration and annealing were found 
to be less than 1% (typically a slight decrease was observed, but the changes were close to the 
estimated uncertainty of the measurement, - 0.4%). This is not sufficient to explain the observed 
capacitance changes, although it might explain part of the capacitance increase for the low F content 
films. Given that the observed onset for capacitance changes was 200"C, a likely explanation for 
the capacitance drop is desorption of H 2 0  in the films. TDS indicates that the only significant 
desorption species near 200°C for SiOF films is weakly-bound H20.[4] Blistering of the metal 
contacts to the thick 11 % F SiOF layer on AVSi was also found to occur starting after the 200°C 
anneal. This would also support the desorption of H20 as the likely mechanism. Due to the blister 
formation, no accurate measurement of the capacitance reduction of the thick SiOF layers on AVSi 
could be obtained. The small capacitance drop observed in the thinner SiOF films may be a result 
of either the formation of a void beneath the metal contact of a size too small to be observed as a 
blister or merely the loss of the highly polarizable, weakly-bound H20 species from the film. In 
either case, the electrical measurements support the FTJR and E D  measurements that moisture 
absorption in the SiOF films increases with increasing F content and that the degree of moisture 
absorption appears to be independent of substrate type. 

Samole 
11% F 
SiOF/AI/SiO2/Si 

6% F 
SiOF/Al/Si02/Si 

2.5% F 

Table 4.1. Capacitance change following annealing, referenced to unannealed samples, as a 
function of substrate type, F content, and anneal temperature. 

Cao. Change 
-3.3% 

-0.3% 

+1.8% 

11% F 
SiOFiTiN/Al/Si 

1 l%F 
SiOFIAVS i02lS i 

-2.3% 

-3.3% 

C. Deoendence or 
Samole 
11% F 
SiOFlAIlSi 
annealed 100°C 
11% F 
SiOFIAllSi 
annealed 200°C 
11% F 
SiOFIAllSi 
anneaied 300°C 
11% F 
SiOFIAIlSi 
annealed 350°C 
11% F 
SiOF/AI/Si 
annealed 400OC 

meal  Temu. 
Can Change 

-0.2% 

-1.1% 

-2.1% 

-2.7% 

-2.7% 

Although the moisture absorption instability of SiOF films seemed only to depend on the F 
content of the layer and not on the type of substrate, it was found that there is an instability 
associated with F loss from the film which does appear to depend on the type of substrate. The 
F/O ratio in SiOF films was measured by nanoprobe EDAX with a 10 nm spot size. Point 
composition measurements were taken from the middle of the SiOF layer working towards the 
SiOFIsubstrate interface. These composition profiles are shown in Fig. 4.4. It was observed that 
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there is noticeable loss of F with respect to the oxygen signal for annealed thick SiOF films on 
MSi substrates when compared to the unannealed films [Fig. 4.4(a)]. This F loss was also found 
for the thinner SiOF films on the M S i  substrate [Fig. 4.4(b)], but no detectable loss was found for 
the SiOF films on the TiN/Al/Si substrates. 

virgin z 1.0 
[I: - 
0 
iz SiOF (920 nm)/AI/Si 
X a 0.5: n w 

- - - - - 
- - - - - 

annealed \ 

- - 
0.0-1 ' ' I I '  ' ' ' I ' I I 

-500 -400 -300 -200 -100 0 
Distance from Interface (nm) 

1.5- i i I I l k  , , I  I I I j I I ,  I 

SidF (1 70 Am)/TiN/All/Si i(b) hydrated & annealed 
0 z 1.0 
[I: 
0 

.- 

3 - SiOF (1 75 n r n ) / A I / S i T  

El - I - - 
0.5; - hydrated & annealed - - - - - 

- - I 
-100 -80 -60 - 4 0  -20 0 

- - 
0 . 0 - I "  I " " " '  ' I '  I " " ' -  

Distance from interface (nm) 

Fig. 4.4. Measured F/O ratios within SiOFfilms as determined by EDAX (uncorrected for cross- 
section diferences between F and 0) as afunction of distance from the metal inteqace for (a) thick 
SiOF films on Al/Si and (b) SiOF films on TiN/AUSi and AWSi. A reduction in F content is 
observed for annealed films on AVSi substrates. 

RBS confirms the EDAX observations, as indicated in Table 4.2. It does appear that 
moisture absorption is also important for this reaction to proceed because less F is lost for the 11 % 
F SiOF layer on M S i  after receiving only an annealing treatment compared to the same film after 
both a hydration and annealing treatment, see Table 4.2 (the thick SiOF films behave as hydrated 
films following 6 mos. exposure to room ambient conditions). Little or no change in F content 
was also found for 11% F SiOF layers on Si following hydration and annealing as indicated by 
measurement of the change in Si-F/Si-0 ratio (a decrease of about 5% was found). In summary, 
the only systems which showed noticeable F reduction were the systems in which there was a high 
F content SiOF layer on MSi.  This highlights a potential difficulty when assessing the thermal 
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stability of SiOF layers in contact with A1 by only monitoring changes in SiOF layers on Si 
substrates. 

Table 4.2. Percent F reduction in SiOFfilms as measured by RBS following the specified 
treatment and referenced to the untreated sample. Reductions of less than approx. 5% are labeled 
as "small" or "none". 

Sample 
thick SiOF/AI/Si, 1 1 %  F 
thick SiOF/AVSi, 2.3% F 
SiOF/Al/Si, 11% F 
SiOF/Al/Si, 11% F 
SiOF/TiN/AI/Si, 11% F 
SiOF/Al/SiO.z/Si, 11% F 

Treatment % F Reduction 
annealed 25% 
annealed none 
hydrated and annealed 18% 
annealed small to none 
hydrated and annealed none 
hydrated and annealed small to none 

The mechanism for the loss of F from annealed SiOF layers in contact with AVSi substrates 
is unclear. It is generally accepted that the F in the SiOF films is directly bonded to the Si, as is 
supported by theoretical calculations involving small Si,OxFyHz clusters. [ 123 Assuming the free 
energy for bond breakage of the F-Si= bond in the SiOF solid is similar to that of bond breakage in 
the F-SiF3 molecule, then simple thermodynamic arguments rule out direct reactions between H20 
and SiF4 to yield Si02 [or Si(OH)4] and HF:[13] 

(1) SiF4 + 2H20 + Si02 + 4HF 
(2) SiF4 + 4H20 + Si(OH)4 + 4HF 

(3) 3SiF4 + 4Al+ 3Si + 4AlF3 

AGO (298 K) = +23.3 kcal/mol 
AGO (298 K) = +22.8 kcal/mol 

Because Al is more electropositive than Si, stripping of F from Si by Al is possible: 
AGO (298 K) = -8.36 kcal/mol 

This reaction does not appear operative, however, because the F profile as measured by EDAX 
showed no significant increase near the SiOF/Al interface. Other possibilities include Al(OH)3 
formation at the SiOF/Al interface due to reaction between Al and H2O with subsequent release of 
H2. H release from the A1 layer or catalytic reactions at the Al interface are also possible. Finally, 
it is not understood why the F loss from the SiOF layer is different for the Al/Si substrates 
compared to the Al/Si02/Si substrates, as indicated in Table 4.2. This difference could be related 
to differences in H content between the Al layers in these films, but that difference has not been 
measured. 

In order to reduce the two types of instability problems associated with SiOF films in 
contact with Al, it is advisable to employ moisture barrier layers, such as F-free Si02 layers or 
Si,N, layers on the top surface of the film and use a diffusion barrier, such as TiN, between the 
SiOF film and the A1 interconnect. It is interesting to note that these two approaches, the use of a 
moisture barrier layer, Si,Ny, and a Ti barrier layer between the A1 and the SiOF, have already 
been tested experimentally and were found to reduce the degradation observed in Al lines when 
integrated with SiOF.[8] 

In summary, two types of thermal instability problems were observed for SiOF fdms. One 
instability problem is related to moisture absorption which increased with increasing F content and 
was independent of the type of substrate upon which the SiOF was deposited. The other instability 
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problem was due to the loss of F from the SiOF film for films that were deposited on AVSi 
substrates and annealed. It is suggested that the use of a moisture barrier layer and diffusion 
barrier, such as TiN, should eliminate these instability problems. Provided adequate controls are 
used to prevent these instability problems, SiOF films should be suitable as an intermediate low k 
dielectric - a bridge between current technology and future dielectrics with substantially lower 
dielectric constant. 

tIn collaboration with J. C. Barbour, D. R. Denison, P. I?. Provencio, C. A. Apblett, C. H. 
Seager, and A. G. Baca. 
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V. Plasma-Polymerized Fluorocarbon? 

Polymeric dielectrics offer some of the greatest promise for achieving ultra-low dielectric 
constants (2.0 - 3.0).[1] They owe their low permittivity to their low densities, with typical 
densities substantially lower than most inorganic solid-state materials, e.g. e 2 g/cm3. While low 
dielectric constant polymeric materials may be synthesized quite readily, it is significantly more 
difficult to meet the other requirements for ILDs, high thermal stability (up to 400OC) and high 
dimensional stability, in particular. A common approach to improving the thermal stability of 
polymers is to replace the hydrogen groups with fluorine. This is not always sufficient, however. 
For example, poly(tetrafluoroethy1ene) possesses both low dielectric constant and reasonable 
thermal stability, but is considered too mechanically soft and poorly adhering to be considered a 
suitable ILD. 

There are many potential low k polymeric dielectrics under evaluation, including 
polyimides, fluorinated polyimides, fluorinated poly(arylethers), Si-based polymers (fluorinated 
silsesquioxanes), etc. As is the case for deposited inorganic films, the deposition and synthesis 
process for organic films can greatly influence the dielectric constant due to changes in film 
density.[Z] In this study, we have focused on films deposited by a plasma deposition process, 
plasma polymerized fluorocarbons (PPFC). These are organic, polymer-like materials which are 
chemically compatible with Si processing. They also have the advantage that they contain 
negligible H20 or chemical solvents because of the dry deposition process, and this makes the 
films less susceptible to shrinkage or outgassing (a common problem for "wet" prepared organic 
films). The film synthesis is achieved by creating a plasma within a fluorocarbodinert gas mixture 
with excitation either by RF, electron cyclotron resonance (ECR), helicon wave, etc. The plasma 
induces dissociation of the fluorocarbon molecule into active radicals which migrate to the substrate 
and incorporate into the growing film either by attachment onto a chain end or insertion into an 
existing chain. Because there may be many reactiye end groups for polymerization, the resulting 
organic film tends to be heavily cross-linked with few long unbranched chain units. Cross-linking 
is a desirable feature for a low k polymeric dielectric. Cross-linking increases the glass transition 
temperature which improves thermal stability and increases the stiffness of the material which 
improves dimensional stability. 

In this work we have created plasma polymerized fluorocarbon (PPFC) films in a parallel 
plate CVD reactor using C3F6 as the reagent gas in a background of Ar. C3F6 is not the only 
fluorinated molecule which may be used; CF4 and mixtures of CF4 and C& also work.[3,4] In 
our case, deposition was performed at room temperature on Si substrates or metallized (250 nm W 
on 1 pm SiO2) Si substrates. Typical film thicknesses ranged from 1000 to 2000 A. Dielectric 
characterization was performed by measuring DC conductivities and AC admittances using metal- 
insulator-metal structures created by shadow mask deposition of Ti-Au contacts on to the PPFC 
films deposited on metallized substrates. 

Fig. 5.1. shows measured dielectric constants for PPFC films using C3F6 compared to 
PPFC films deposited by Endo and Tatsumi using CH4 and CF4 mixtures.[3] For PPFC-C& 
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films, we observe dielectric constants in the range of 2.5 to 3.0. This is higher than the dielectric 
constant obseved by Endo and Tatsumi for their - 100% CF4 films. This difference in dielectric 
constant is likely a result of different film densities. 
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Fig. 5.1. Dielectric constants of PPFC-C3F6 films compared to plasma-deposited films created 
from CH.CF4 mixtures by Endo and Tatsumi, Ref 131. 

In addition to having low dielectric constant, PPFC-(;& films are also highly insulating, 
as shown in Fig. 5.2. A typical figure of merit is the bias voltage required to create a leakage 
current of 10-9 Ncm2 through the dielectric. The leakage current should be less than 10-9 Ncm2 
over the range of bias voltages applied to the metal interconnects. Scaling by the dielectric 
thickness, this implies that the current density should remain below 10-9 Ncm2 over the bias range 
of approximately k 0.4 V, which is easily satisfied by the PPFC-c& films. 
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Fig. 5.2. Leakage current as a function of bias voltage for PPFC-C3Fgfilms. 
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Given the low dielectric constant, high electrical resistance, apparent good thermd and 
dimensional stability, it would appear that PPFC materials should be good candidates as ILD 
materials. There is one problem with PPFC materials which is often overlooked, however. Fig. 
5.3. shows the dielectric loss (tan 8) in PPFC films as a function of frequency and environmental 
conditions. Over time and exposure to atmospheric oxygen, PPFC films become increasingly 
lossy. This degradation is due to the following: (1) an unavoidable consequence of plasma 
polymerization is that unterminated free radicals are trapped in the film, (2) upon exposure to 
atmospheric oxygen, oxygen diffuses into the film and reacts with the free radicals to create 
peroxide radicals, (3) over time the peroxide radicals convert to carbonyl groups, C=O, which are 
then stable. The reaction sequence is diagramed below. 

Carbonyl groups are polar and can contribute to dielectric loss due to increased molecular 
polarizabilities. 
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Fig. 5.3. Dielectric loss of PPFC-C3F6films as a function of time and environmental exposure. 

PPFC materials could be acceptable ILD materials if the problem with unterminated free 
radicals during deposition can be resolved. One promising approach involves terminating the free 
radicals during or immediately subsequent to deposition prior to removal of the film from the 
deposition chamber. Two of the most desirable terminating groups are H and F. The challenge, 
however, is to develop a passivation procedure in which the active H or F atoms do not themselves 
contribute to the formation of free radicals by bond scission (e.g. chemical etching or energy 
transfer from highly energetic H or F atoms). An alternative approach is to deposit the organic fdm 
not by a plasma technique, but by thermal dissociation of a fluorinated organic reagent. One 
example is hot filament deposition of a fluoropolymer using hexafluoropropylene oxide as the 
monomer. [ 51 
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VI. Summary 

In this research program, the feasibility of several candidate low k dielectric materials was 
examined. Materials were selected which were known to be chemically compatible with Si 
processing. These included ( 1) covalently-bonded ceramics comprised of carbon, boron and 
nitrogen, or a mixture of carbon, boron, and nitrogen; (2) fluorinated Si02 films; and (3) plasma 
polymerized fluorocarbons. The advantages, disadvantages, and critical technical issues facing 
each of these new material systems are all different, and are discussed below. 

Covalently-bonded thin film ceramic materials comprised of carbon, boron and nitrogen, 
and mixtures of boron, carbon, and nitrogen are an exciting class of new materials. We have 
examined the structural, physical, and electrical properties of these materials with the aim of 
assessing their suitability as interlevel dielectrics. It was discovered that it is necessary to use a 
highly energetic deposition technique, such as pulsed-laser deposition, in order to create films 
which meet the rigorous demands of thermal and environmental stability. Unfortunately, these 
energetic deposition techniques also produce films which are denser than those produced by typical 
plasma deposition techniques. The high densities unavoidably lead to dielectric constants close to 
the bulk values and too high for optimal use as a low k ILD. This situation can be described as a 
balance of trade-offs: plasma deposition processes can produce films of low dielectric constant but 
these films are thermally or environmentally unstable, while highly energetic processes can 
produce stable films but with dielectric constants which are too high. These latter films, however, 
show great promise for other applications, such as tribological coatings, micro-sensors, or cold 
cathode emitters. Stability is not the problem for films containing mixtures of boron, carbon, and 
nitrogen. These films due not yield acceptable low k ILDs, however, because of the catalytic role 
that nitrogen plays in stabilizing 3-fold coordinated carbon. 3-fold coordinated carbon is 
undesirable because it increases the electrical conductivity of the film to levels which are simply too 
high for a dielectric material. 

Fluorinated Si02, SiOF, is a very promising ILD material for near-term applications. One 
reason it is so promising is that the process for deposition of SiOF films is almost completely 
interchangeable with current processes used to deposit conventional Si02 films, thus reducing 
tooling costs. A disadvantage is that the dielectric constant of SiOF films do not fall below about 
3.5, which only represents a 10% improvement over SiO2. This 10% is significant enough to 
explore this material for near-term applications until a replacement ILD with even lower dielectric 
constant can be found. Another disadvantage with SiOF - which may be rectified by proper use of 
barrier and capping layers - is that the films exhibit instability with regard to moisture absorption 
and degradation when in contact with A1 layers. We have found that the interfacial degradation 
problem when SiOF films are annealed is unique to A1 - no degradation is observed for Si or TiN 
interfaces. The chemical role played by the Al is not clear, but it apparently enhances F loss from 
the SiOF films. It is suggested that placing a barrier layer, such as TiN, between the A1 and the 
SiOF should help eliminate this problem. 
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Plasma polymerized fluorocarbon films, PPFC, can show both low dielectric constant 
(around 2.5) and good thermal and dimensional stability, at least compared to other polymeric 
materials. Moreover, the deposition technique is a "dry" process which makes it particularly 
attractive for ILD deposition. PPFC materials have a unique disadvantage, however. The 
deposition process leads to the formation of free radicals in the film. These free radicals react with 
atmospheric oxygen eventually leading to the formation of' carbonyl groups which causes the 
dielectric loss in the film to increase over time. Lossy dielectrics are, of course, undesirable as 
ILDs because at high frequencies the drive current increases, leading to excessive power 
consumption, heating, and degradation in reliability. If techniques can be developed to passivate 
the free radicals in the PPFC films prior to their removal from the deposition chamber, these 
materials may make effective E D  materials. 

The current situation for novel ILD materials is still unclear. Best estimates are that SiOF 
will be integrated as an interim low k dielectric material to be followed later by some polymeric 
material (possibly PPFC, fluorinated polyimides, poly(arylethers), fluorinated silsesquioxanes, 
etc.) with even lower dielectric constant. If the minimum thermal stability temperature for ILDs 
can be lowered from the 4OOOC standard, then some existing polymeric dielectrics may already be 
able to satisfy the requirements for a new low k ILD material. 
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