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Plasma-assisted deposition of thin films 
is widely used in microelectronic circuit 
manufacturing. Materials deposited include 
conductors such as tungsten, copper, aluminum, 
transition-metal silicides, and refractory metals, 
semiconductors such as gallium arsenide, 
epitaxial and polycrystalline silicon, and 
dielectrics such as silicon oxide, silicon nitride, 
and silicon oxynitride. This paper reviews 
plasma-assisted chemical vapor deposition 
(CVD) applications and techniques for 
dielectric thin films. In particular, we focus 
on the integration, process, and reliability 
requirements for dielectric films used for 
isolation, passivation, barrier, and antireflective-
coating applications in ultralarge-scale 
integrated (ULSI) semiconductor circuits. In 
addition, manufacturing issues and considerations 
for further work are discussed. 

Introduction 
The fact that a gas discharge containing charged (ion) and 
neutral (radical) species can be used to initiate chemical 
processes has been known for over a century [1]. In later 
studies, other material-transport phenomena using a high-
frequency discharge with an applied external electrode had 
also been observed [1]. With regard to the latter, the first 
experimental result, by Anderson in 1962, showed that a 
radio frequency (rf) voltage can be applied inside a glass 
tube to create reactive species for thin-film deposition [2]. 
The following year, Atl et al. showed that this plasma-
assisted CVD (or simply "plasma CVD") process could 
be used for microelectronic applications, especially for 
diffusion masks and passivation [3, 4]. However, the use of 
plasma-assisted deposition processes for microelectronic 
circuit manufacturing was not seriously considered until 
the introduction of commercial batch processing 
equipment in 1974 [5, 6]. Since then, plasma-assisted 
deposition processing has moved from research and 

Copyright 1999 by Intcrnittioiial Business Machines (\irp(inition. C\ipying in printed form lor private use is permitted withont payment of royalty provided that (1) caeh 
reprodnctiiMi is ilone uilhotit alteration anti (2) the Jntinuil referenee and IBM copyright notice are inclnded on the lirsl page. The title and alistrtict, but no other portions, 
of this paper may be copied or distributed royalty free without further permissicrn by computcr-btiscti and other inltinriatitin-service systems, j^ermission to republish any other 

porti(Mi of this paper must be obtainetl from tlie fulitor. 

0018-8646/99/$5.00 © 1999 IBM 

IBM J. RhS. DEVELOP. VOL. 4.1 NO. I,'2 .lANUARY/MARCH 1999 D. R. C;OTE ET AL. 



development lines into current product manufacturing 
lines for integrated circuits (ICs). More research, 
development, and manufacturing applications of thin 
films formed by plasma deposition have appeared in the 
technical literature and various commercial products, 
especially for microelectronic devices, as discussed in 
many recent publications [7-11]. 

In recent years, new materials requirements and lower-
processing-temperature requirements in ULSI circuits, 
solar energy cells, flat-panel displays, and optical 
systems have made plasma-assisted deposition processes 
increasingly important. In general, films of silicon-based 
semiconductors and insulators such as boron-doped or 
phosphorus-doped and intrinsic amorphous silicon, silicon 
oxide, phosphorus-doped and/or boron-doped silicon 
oxide, silicon nitride, and silicon oxynitride deposited by 
plasma-assisted CVD are most frequently used in solar 
energy cells [12], xerography [13], thin-film transistors for 
active-matrix liquid crystal displays [14-16], and ICs. 
There are many reviews of plasma deposition processes 
[17-19], relevant theory and reaction mechanisms 
[17, 20, 21], critical issues and parameters [22], and 
applications in IC fabrication [7-11, 22-24]. 

Current requirements for ULSI applications 
Five principal types of silicon-based thermal and plasma 
CVD dielectrics are currently used in IC fabrication: 
silicon oxide, silicon nitride, silicon oxynitride, 
phosphorus-doped silicon oxide (PSG), and boron/ 
phosphorus-doped silicon oxide (BPSG). Their 
properties can be modified to achieve desirable functions. 
For example, silicon-rich silicon oxide or nitride films 
can be used as charge-storage materials for erasable 
programmable read-only memory (EPROM) devices. The 
composition of silicon oxynitride can be tailored to meet 
specific photolithography and etching (or simply "etch") 
requirements as an antireflective coating (ARC) [25] and 
also to meet device and integration requirements as a 
barrier film for gate conductors (to be described later). 
The gap-filling (or simply "gap-fill") capability and degree 
of local planarization for high-density plasma (HDP) CVD 
oxide [26] can be adjusted by changing the deposition-to-
sputter-etching ratio (or simply "sputter-etch ratio") DjS, 
defined as (net deposition rate -I- blanket sputtering 
rate)/(blanket sputtering rate). The requirements change 
for HDP CVD oxide when considering it for use in 
shallow-trench isolation (STI) compared to use as an 
intermetal dielectric (IMD). For example, maintaining a 
wafer temperature less than 400°C is critical for the IMD 
application for better metal reliability [27]. A higher 
temperature is desirable for the STI application, since a 
more dense film that is highly resistant to subsequent 
wet-etching steps is thus obtained. These applications 
are discussed in more detail later in the paper. 

One of the major requirements and technology drivers 
for ULSI isolation and passivation dielectrics is the filling 
of sub-half-micron-wide gaps without voids. The film 
profile changes with the type of deposition process used. 
For conventional plasma-enhanced (PE) CVD processing, 
the deposited dielectric film takes on a "bread-loaf" 
profile, as illustrated in Figure 1. This type of profile is 
most pronounced with silane-based PECVD films. When 
tetraethylorthosilicate (TEOS) is used as the silicon source 
for PECVD oxide deposition, there is less cusping because 
of the higher surface mobility of the reactants [28]; 
however, a void still forms if the gap is small enough, 
because the conformality of the film is not 100%. This 
means that the amount of deposition on the sidewalls and 
bottom of the trench portion of a feature is less than on 
the top of the feature. So, in order to use PECVD films 
alone for gap-fill applications, they are typically used in 
conjunction with an argon sputter etch in a multistep 
PECVD-argon sputter etch-PECVD sequence described 
previously [29]. Conformal deposition is more typical for 
thermal (non-plasma) CVD processes such as low-pressure 
(LP) CVD at high temperatures or for ozone-TEOS 
atmospheric or subatmospheric pressure (AP or SA) CVD 
at lower temperatures (less than 600°C). Furthermore, 
HDP CVD results in a completely different type of 
profile, as indicated in Figure 1, because of the "bottom-
up" deposition from the simultaneous deposition and 
etching. The resultant topography from any of these CVD 
processes plays a decisive role in the choice of subsequent 
planarization techniques. 

Typically, thermal CVD processes such as LPCVD 
BPSG, APCVD (or SACVD) BPSG, or PSG are used to 
passivate the polysilicon/metal silicide gate conductor for 
sub-half-micron devices because of their high-aspect-
ratio' fill capability compared to plasma CVD processes 
and because there are no plasma damage concerns with 
thermal CVD processing. Process-induced IC device 
damage from plasma processing (in particular at the gate-
conductor level, because there is no device protection) is a 
critical issue for the PECVD passivation dielectrics. Our 
work on PECVD PSG plasma damage has been published 
in detail elsewhere [29-33]. Briefly, low process pressure 
during deposition of the PECVD PSG was identified as 
the main factor causing gate-oxide charge damage. 
Increasing the pressure for the PECVD PSG process 
regardless of dopant source (trimethylphosphite or 
triethylphosphate) resulted in no charge damage on 
antenna test sites and device structures. A more recent 
study describes another technique used to optimize 
a PECVD PSG process for plasma damage designated as 
corona oxide semiconductor (COS) charge measurement 
[34]. The technique, combined with the antenna test 

Aspect ratio is defined as the height of the line divided by the width of the 
trench. 
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structure method of measuring plasma damage, provides 
a fast and cost-effective way to optimize plasma CVD 
processes. 

Doped silicon oxide films such as PSG or BPSG are 
preferred for gate-conductor passivation because of 
their mobile ion barrier properties [35, 36], low reflow 
temperature for local planarization (applies to BPSG 
only), high etch selectivity to the underlying barrier layer 
(e.g., nitride [37]), and faster polishing rate compared to 
undoped silicon oxide. In this paper, we discuss our recent 
work with HDP CVD PSG including gap-fill and plasma 
damage results. We have previously published an 
overview of our own work and that of others in IBM 
on relevant thermal CVD processes and applications 
[29]. 

The gap-fill requirement for dielectrics in the "back-
end-of-line" (BEOL) depends on the interconnect 
fabrication methods used. Multilevel interconnects 
usually involve two types of planarization methods; the 
planarization of interlayer dielectrics and the planarization 
of metal layers. For the former, for example, an Al(Cu)-
bascd layer is patterned into lines and the insulator is 
deposited between the spaces and above the lines. 
Therefore, a critical requirement in this case is the filling 
of the gaps between the lines without void formation. 
Void-free filling of high-aspect-ratio features is not a 
simple matter and requires the use of advanced insulator 
deposition processes such as HDP CVD. For submicron 
metal interconnect fabrication, the insulator deposition is 
generally followed by partial planarization using spin-on-
glass (SOG) [38-40], a resist etch-back [38, 41-43], 
or a global planarization using, for example, chemical-
mechanical polishing (CMP). For the planarization of 
metal layers, the damascene technique is most commonly 
used; several papers reporting its use in IBM have been 
published [44-47]. Using this technique, a dielectric 
such as silicon oxide is deposited on a planar surface and 
the wiring level is patterned into the dielectric using 
photolithography and RIE. A thin metal liner and a 
metal such as tungsten (or aluminum or copper) are then 
deposited on the patterned dielectric and subsequently 
planarized by CMP, stopping on the dielectric and leaving 
metal in the patterned features. Therefore, in the 
damascene technique, the metal rather than the insulator 
must fill the high-aspect-ratio features. 

A critical film parameter for both interconnect fabrication 
techniques is the dielectric constant (k) of the IMD material. 
Use of a material having a lower dielectric constant leads to 
lower total capacitance, decreasing the interconnection 
delay and power dissipation [48], and thus enhancing 
performance. To achieve long-range interconnection 
performance objectives, low-dielectric-constant IMD will 
be required [49]. The dielectric constant of PECVD 
silicon oxide is typically 4.1-4.2. By doping the oxide with 
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(a) 

Scanning election micrographs of cioss sections of films deposited 
by (a) PECVD, (b) SACVD, and (c) HDP CVD. Note that TEOS 
was the silicon source for the PECVD and the SACVD, and silane 
for HDP CVD. The typical "bread-loaf profile of the PECVD 
oxide film can be adjusted by varying process parameters such as 
temperature, pressure, and silicon source. The profile of the 
SACVD oxide film is conformal, and the unique profile of the 
HDP CVD oxide film is a result of simultaneous etching and 
deposition. Note that SACVD is a non-plasma process. 
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Table 1 Typical electron-impact reactions of silane 
molecules in an rf plasma discharge. The asterisk (*) refers to 
electronic excited state. From 111. 

Reactant Reaction products Enthalpy of 
formation 

(eV) 

SiH, SiHj + Hj + er 
SiH, + H + e" 
Si + IHj + e'" 
SiH + Hj + H + e" 
SiH* + Hj + H + e" 
Si ' + 2H, + e ^ 
SiH, + 2H, +- 2e' 
SiH, + H + 2e""" 
Si* + 2H, + 2e""" 
SiH' + H , + H + 2e^ 

2.2 
4.0 
4.2 
5.7 
8.9 
9.5 

11.9 
12.3 
13.6 
15.3 

Table 2 initial electron-impact reactions. From [1]. 

Excitation (rotational, vibrational, 
and electronic) 

Dissociative attachment 

Dissociation 

Ionization 

Dissociative ionization 

e 

e^ 

e'"" 

e"" 

e" 

+ A, 

+ A^ 

+ ^ 3 

+ A, 

+ A, 

-^ A* + e 

-^A' + A' + e 

->2A- + e 

-^Al + 2e' 

-~*A* + A + 2e' 

fluorine, the dielectric constant can be reduced to 3.0-3.7, 
depending on the fluorine concentration [50]. Si-F 
replaces the Si-OH and Si-H bonds in the oxide; 
since fluorine is more electronegative, the polarization 
changes, lowering the dielectric constant. SOG dielectrics 
(siloxanes, silsesquioxanes) and organic polymers formed 
by spin coating (polyimides, fluorinated polyimides, 
bisbenzocyclobutenes), poly(arylethers), or vapor-phase 
deposition (parylene N, parylene F, teion) provide 
dielectric constants in the range of 1.9-3.0 [.51], Most 
polymers with a dielectric constant less than 3 are stable 
to only about 350°C. However, a recent publication on 
laser-evaporated siloxane thin films reports a dielectric 
constant of 2.0 and thermal stability to 400°C, although 
integration results were not published [52]. Also, it has 
been reported that parylene exhibits a high thermal 
stability [53], and its successful integration into a metal 
RIE BEOL has been demonstrated [54], However, 
damascene integration may be more difficult to achieve 
because of the softness of parylene films. Spun-on films of 
materials such as nanoporous silica and xerogels exhibit 
a higher thermal stability and low dielectric constants 
(1.3-2,5), depending on their porosity [55-57], but 
associated process integration is challenging. There has 
been increased development activity in plasma-assisted 

CVD of amorphous carbon and fluorinated carbon films 
because of their low dielectric constants (2.3-2.7) and 
thermal stability up to 400''C [58-63], Relevant work 
on insulators having low dielectric constants has been 
described elsewhere [48, 64-66]. 

In this paper, we discuss the plasma-assisted CVD of 
low-dielectric-constant insulators of potential interest at 
the ULSI level, including fluorine-doped silicon oxide 
and amorphous carbon and fluorocarbon. For related 
discussions, see the papers by Grill [67] and Nguyen [26] 
in this issue. To be suitable for the deposition of such 
insulators, plasma-assisted CVD should be applicable at 
relatively low substrate temperatures, should not damage 
underlying layers or devices that may be present on the 
substrate during deposition, and should produce insulators 
which, in addition to having low dielectric constants, 
satisfy etching, annealing, planarization, and stability 
requirements. 

Fundamentals of plasma CVD 
For microelectronics applications, the plasma CVD 
processes of interest are conventional PECVD, remote 
PECVD, and HDP CVD. We focus on conventional 
PECVD processing aitd describe HDP CVD processing 
briefly, since a more comprehensive paper by S. Nguyen 
[26] in this issue reviews that process. A recent review by 
Lucovsky [68] covers the evolution of low-temperature 
remote plasma-assisted deposition for device-quality 
siUcon oxide and silicon nitride thin films. Briefly, remote 
PECVD differs from conventional PECVD in that the 
substrate is not in direct contact with the plasma and thus 
is not subjected to ion bombardment; also, process gases 
and diluents can be introduced either into the plasma 
region or downstream from the plasma. These differences 
have important effects on the final quality of the deposited 
films and the associated silicon-silicon oxide interface, and 
are key to forming device-quality dielectrics. Device-
quality dielectrics have been deposited using other plasma 
processes such as He-PECVD [69], developed at IBM. The 
process produces high-quality insulators. It utilizes relatively 
high levels of helium dilution of the reactant gases, 
minimizing the amount of process-induced surface damage. 
The reader is referred to the aforementioned papers and 
references therein for details on device-quality dielectrics. 

In thermal CVD, gas-phase reactive species are 
generated by heating of initial reactants. In plasma CVD, 
the plasma energy supplied by an external rf source takes 
the place of the heating to generate the species that 
subsequently react and deposit on substrate surfaces. 
Significantly, excessive heating and degradation on the 
substrate can be avoided by using plasma electron kinetic 
energy instead of thermal energy. Besides the aspect of 
generating reactive species at much lower processing 
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Table 3 inelastic reactions among reactants, inert gases, and substrate. M refers to the inert gas or substrate, and^, B, 
and C refer to the reaclant gases. From fl]. 

A B 

Penning dissociation 

Penning ionization 

Ion-ion recombination 

Electron-ion recombination 

Charge transfer 

M* + / I , 

M* + A, 

M" + Al_ 

M" + /l," 

e^ + A^ • 

e" + A^ 

M" + A^ 

M^ + A,j 

->2A-

~^A* 

or 
^2A 

-^2A-

~ M -

^A: 
^A; 

+ M 

+ A4 + e' 

+ M 

• ' M 

» ^ , -̂  M 

+ M 

- M 

Collisional detachment 

Associative detachment 

Atom recombination 

Atom abstraction 

Atom addition 

M* + -4, ^>^, + M + e 

A^ + A -^Aj •*• e 

2A + M -^A^ + M 

A + BC *AB + C 

A + BC + M ^ ABC + M 

temperatures compared to conventional CVD processing, 
the ion bombardment can be used to modify film 
characteristics. Plasma CVD processes can be classified 
into many subprocesses, such as plasma evaporation 
deposition, plasma sputtering deposition, plasma ion 
plating, and plasma nitriding. This classification depends 
on the conditions of the plasma generated, configuration 
of the vacuum system, location of the substrate, and type 
of power supply [19-21]. Plasma-assisted CVD processes 
for semiconductor processing are generally carried out at 
pressures of 1 mTorr to 20 Torr substrate temperatures in 
the range of 100 to 500°C, rf power densities <0.5 W-cm"", 
electron densities of 1.0 X 10* to 1.0 x lO'" cm ', electron 
mean free paths of <0.1 cm, and average electron energies 
of 1 to 6 eV. 

When the plasma initiates, energy from the rf electric 
field is coupled into the reactant gases via the kinetic 
energy of a few free electrons. These electrons gain energy 
rapidly through the electric field and lose energy slowly 
through elastic collisions. The high-energy electrons are 
capable of inelastic collisions that cause the reactant gas 
molecules to dissociate and ionize, producing secondary 
electrons by various electron-impact reactions. Table 1 
lists typical electron-impact reactions of silane molecules 
in an rf plasma discharge. In a steady-state discharge, the 
electrons generated by electron-impact reactions equal 
those electrons that are lost to the electrode, walls, and 
reactive species by attachment and recombination 
reactions. These reactions have been discussed in detail 
elsewhere [1, 20, 21]. 

The two important aspects of a plasma glow discharge 
are the nonequilibrium low-temperature gas-phase 
chemical reactions that generate radical and ion reactive 
species in the plasma discharge, and the flux and energy of 
these reactive species as they reach and strike the surface 
of the film being deposited. The bombardment of the ionic 
species on the surface of the film, which controls the 

Table 4 Heterogeneous reactions between plasma and 
surface. S refers to the surface in contact with the plasma, 
and A and JS refer to the reactant gases. From [1]. 

Atom recombination 

Metastable de-excitation 

Atom abstraction 

Sputtering 

S ^ A + A ^S + A^ 

S + M* -i S + M 

S^B+A^S+AB 

S - B + M^ -*S' + B + M 

Surface contact ionization S + B* •B' 

surface mobility of the precursor, is the predominant 
factor in determining film composition, density, stress, 
and step coverage or conformality at the relatively low 
temperatures used in plasma CVD. Reactant gases similar 
to those used for thermal CVD processes are used for 
plasma CVD to deposit silicon-based dielectrics at lower 
deposition temperatures. 

• Reaction kinetics 

Reactions during plasma deposition are complex and not 
completely understood. Elementary reactions that occur in 
a plasma have been discussed by various authors [70-73]. 
The initial reaction between electrons and reactant gas 
molecules or between reactant gas molecules in a plasma 
can be classified as elastic or inelastic. In the elastic 
collisions, only minimal translational energy transfer 
occurs between the gas molecules and reactant gases. 
For plasma processing, the elastic collisions play a less 
important role in reactant dissociation. Significantly more 
translational, rotational, vibrational, and electronically 
excitational energy transfer occurs in the inelastic 
collisions. The major inelastic reactions among electrons, 
reactant gases, and surface that occur during plasma-
assisted CVD processing are typically represented in 
Tables 2-4. ,Some of the inelastic collisions between inert 
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Gas exit — 

1) Initial electron 
impact 

2) Inelastic collisions 
{more energy transfer) 
and elastic collisions 
(less energy transfer); 
the transport step 

3,4) Heterogeneous reaction 
snrface-plasma 
interactions (surface-
ion™radical interaction) 

10 

} Four steps that characterize the mechanisms of a plasma CVD 
i process. From [1]. 

gases and reactants (such as helium or argon with silane) 
significantly affect the chemical nature of the discharge 
and the properties of the deposited films [74-78]. In many 
plasma deposition processes, inert carrier and diluent 
gases such as helium and argon have been used to form 
a "cooler" plasma, to create more controlled reaction 
pathways via Penning reactions between carrier and 
reactant gases [75], and to suppress gas-phase reactions 
between reactive species. As a result, a plasma diluted 
with inert gases such as helium can be used to deposit 
higher-quality insulators. Other fundamental plasma 
concepts and reactions have been discussed elsewhere 
[18, 79] and are not discussed here. 

• Deposition mechanisms 

One of the major advantages of plasma deposition 
processing is its flexibility for depositing films with 
desirable properties. For conventional thermal CVD 
processing, physical and chemical properties of the 
deposited film pertaining to its stress, conformality, 
density, moisture resistance, and gap-fill properties can 
be altered by changing the composition and/or type of 
reactive species. In plasma-assisted CVD, this can be 
accomplished by varying deposition parameters such as 
temperature, rf power, pressure, reactant gas mixture 
ratio, and type of reactant. For example, silicon oxide 
films deposited with TEOS generally show higher step 
coverage or conformality than those deposited with silane 
in a plasma-assisted CVD process. For plasma-assisted 
CVD of silicon oxide films, properties can be modified not 
only by changing the type of reactive species, but also by 
the extent of ion bombardment. 

In general, the deposition mechanisms for a plasma 
CVD process can be qualitatively divided into four major 
steps, as shown in Figure 2. Step 1 includes the primary 
initial electron-impact reactions between electron and 
reactant gases to form ions and radical reactive species 
(Tables 1 and 2). Ne.xt, in step 2, transport of these 
reactive species occurs from the plasma to the substrate 
surface concurrently with the occurrence of many elastic 
and inelastic collisions in both the plasma and sheath 
regions, classified as ion and radical generation steps [80]. 
Step 3 is the absorption and/or reaction of reactive species 
(radical absorption and ion incorporation) onto the 
substrate surface. Finally, in step 4, the reactive species 
and/or reaction products incorporate into the deposited 
films or re-emit from surface back to the gas phase. 
Because of their complexity, the latter two steps are the 
least known and least studied aspects of plasma CVD. 
Significant roles are played by ion bombardment [81, 82] 
and various heterogeneous reactions between ions and 
radicals with the depositing surface in the sheath region. 
The two steps critically affect film properties such as 
conformality [83, 84], density, stress [81], and "impurity" 
incorporation. 

Plasma CVD of amorphous and microcrystalline silicon 
are the most studied plasma CVD processes, with 
hundreds of publications on their deposition kinetics and 
mechanisms. The basic gas-phase chemistry of the silane 
plasma has been studied by various techniques [83, 85-91]. 
Different mechanisms have been suggested for the 
dominant reaction pathway of silicon deposition. One 
mechanism describes SiH., (siiyl) radicals playing a 
dominant role [87, 92-94], while others describe the 
decomposition of silane to SiH^ (silylene) and then SiH, 
insertion into gas-phase SiH^ to form higher silane species 
[95, 96] as the main silicon deposition mechanism. The 
debate on which mechanism dominates is ongoing [97-99]. 
Others have also studied the silane-based deposition 
mechanisms of widely used insulators such as silicon 
nitride [100-104], silicon oxide [84, 105-108], and silicon 
oxynitride ]104]. The deposition mechanisms for the CVD 
of silicon oxide by organosilicon TEOS precursors have 
been widely studied and modeled by various groups [108]. 

• High-density plasma chemical vapor deposition (HDP CVD) 
HDP CVD processing usually includes simultaneous 
deposition and etching. The ratio of the deposition and 
sputtering rates (D/S) determines the gap-fill capabifity 
of the process. If the ratio is too small, corners of the 
features to be filled can be sputtered off (this is normally 
referred to as "corner clipping"). If the ratio is too large, 
voids or weak seams can form. Surface modeling of the 
HDP CVD process has been carried out, and a set 
of mechanisms proposed [109]. The three principal 
mechanisms are ion-assisted plasma deposition, argon 
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sputtering, and redeposition of the sputtered material. In 
HDP CVD, a high-density plasma source [110] [such as 
inductively coupled plasma (ICP), electron cyclotron 
resonance (ECR), or helicon] excites a gas mixture that 
includes silane, oxygen, and argon. The substrate is negatively 
biased to attract energetic positive ions toward the wafer 
surface, where oxygen reacts with silane to deposit silicon 
oxide, and argon removes the silicon oxide by sputtering. The 
sputtering rate at the corner of a gap is much higher than 
that on horizontal and vertical surfaces, preventing the 
gap from being "pinched off." Furthermore, a high 
degree of near-vertical ion bombardment also limits film 
deposition on the sidewalls of a gap or other feature. 
Relatively low reactor pressures (under 10 mTorr) are 
required to reduce ion scattering and maintain anisotropy, 
resulting in "bottom-up" deposition filling, as illustrated 
by Korczynski [111]. Through the use of a high-density 
plasma source and despite the use of a low reactor 
pressure, the electron density in HDP CVD may be as 
high as 5.0 X lO" cm"' compared to 5.0 X 10** cm"' in 
conventional PECVD. Sub-half-micron microelectronic 
device fabrication has generated many new requirements 
for high-aspect-ratio fill, enhanced thin-film properties, 
and improved process control [112]. As a result, a new 
generation of HDP CVD equipment and processes has 
been introduced [113]. There are many publications 
[113-125] regarding HDP plasma sources and the 
application to CVD gap-fill processing for ULSI 
fabrication. ECR [114-119], helicon [120, 121], and ICP 
sources [122, 123] have been used for CVD processes. 
Readers interested in more details on HDP sources for 
etching and CVD semiconductor applications should 
examine two recent books dedicated to this topic 
[124, 125]. 

Reactor designs and process optimization 
A number of production reactors of diverse types are 
available for plasma-assisted CVD. Sherman [23] has 
discussed earlier production reactors, including radial 
plasma CVD reactors and hot-tube plasma-assisted CVD 
reactors. These reactors functioned in batch mode. Later, 
single-wafer processing replaced batch-mode processing 
because of the capability of clustering both deposition 
and etch processes in the same system and also because 
relatively high power densities could be achieved in a 
single-wafer chamber. This led to the development of 
dielectric layers of improved quality because the higher 
power density facilitated the achievement of complete 
reactions. Parallel-plate PECVD systems operating in 
either the single-wafer [126] or multistation deposition 
mode [127, 128] are examples of reactors which are 
expected to be the mainstay of the future for conventional 
PECVD processing. Typical PECVD equipment 
improvement programs include activities to minimize 

equipment-consumable materials and parts, improve wafer 
throughput and film uniformity, reduce film particulates, 
and eliminate plasma damage to layers and devices that 
may be present on the wafer. Current research and 
development activities in reactor design include efforts 
on in situ and real-time diagnostics for process control 
[129, 130], modeling and simulation of reactor design 
and control [131], and scaling the size of reactors 
up to 300 mm [132]. 

One of the main problems in plasma processing is 
parameter control in a large reactor volume. Since the 
plasma system is complex, it is generally difficult to 
identify the effects of a specific process parameter. Plasma 
rf power and frequency, reactant and diluent flow rates, 
reactant concentration and temperature, all interact with 
one another, making it difficult to generalize about 
processes from one tool type to the next. There are three 
fundamental factors to consider when optimizing a plasma 
CVD process. First, maintaining plasma stability is 
important. To maintain a stable plasma, it should be 
confined between its electrodes and kept away from the 
walls of its chamber. Second, its density should be 
optimized for the desired deposition rate and uniformity. 
This can be done by adjusting the rf power, pressure, and 
reactant gas flow rates. Finally, wafer temperature and 
position in a plasma should be tightly controlled, since 
these influence plasma-surface interactions. Differences in 
film thickness, film composition, and plasma damage can 
occur depending on variations in temperature and wafer 
position [31, 33]. 

Dielectric film characteristics and semiconductor 
applications 
As already indicated, the physical and electrical properties 
of dielectric films can be modified by modifying deposition 
parameters; for example, film stress can vary from tensile 
to compressive, depending on deposition processes and 
conditions [133]. In this section, we discuss some of the 
pertinent points regarding plasma-assisted CVD of silicon-
based and carbon dielectric films that we consider 
important for ULSI applications. 

• Undoped silicon oxide 
For current silicon IC manufacturing, silicon oxide is the 
most widely used insulator because of its compatibility 
with silicon and its excellent physical and electrical 
properties. The original silicon source material for plasma 
CVD of silicon oxide was silane [134]. Silane oxidizes 
easily at temperatures less than 500°C, making it an 
excellent candidate for low-temperature CVD processing. 
However, this high reactivity made it undesirable in 
the early IC manufacturing environment. The use of 
organosilicon compounds, notably TEOS as a silicon 
source for PECVD silicon oxide, became common in the 11 
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1980s [28]. Although TEOS is less reactive than silane 
and therefore safer to handle, it is a liquid and requires 
complicated delivery systems. Furthermore, TEOS silicon 
oxide films display much better step coverage than the 
silane-based silicon oxide films; this has been fully 
exploited for gap-fill applications. Silane-based silicon 
oxide is typically used in applications that do not require 
gap fill (we refer to these applications as noncritical) such 
as for hard masks and IMD layers for damascene levels or 
for less conformal step coverage, as in final passivation. 

Damascene IMD applications 
Silane-based silicon oxide is typically used in the 
damascene-based IMD process. The IMD gap-fill problem 
is eliminated, since the metal lines are patterned, etched, 
and filled into a planar dielectric, as shown in Figure 3. 
Damascene-based (or simply "damascene") local on-
chip interconnections have been used by IBM since the 
late 1980s and have since gained popularity in the 
semiconductor manufacturing industry [135]. Damascene 
interconnections cost less than RIE-based interconnections 
to fabricate, because both via and metal line levels can be 
formed with only one metal deposition and one CMP 
step. This is generally referred to as "dual-damascene" 
processing [44]. For RIE-based wiring, a separate contact 
(via) level is typically formed before the metal wiring is 
formed. The damascene method is extendible to smaller 
geometries, since the metal shorting issues associated with 
the RIE-based method are eliminated and the via is self-

aligned [44]. Currently, the damascene method appears to 
be the only commercially feasible method of fabricating 
subraicron copper-based interccinnections because of the 
difficulty of etching copper at that level. Damascene IMD can 
use conventional PECVD oxide and nitride films, which have 
much lower cost of ownership than HDP CVD, SOG, or 
ozone-TEOS gap-fill IMD processes. A critical insulator 
deposition issue for damascene processing, especially as 
ground rules shrink, is the inclusion of foreign material 
(FM) or particles in the dielectric. If a particle were to 
be left in the dielectric film, it could cause problems at 
subsequent lithography and oxide RIE steps, as illustrated 
in Figure 4. Prevention of this requires the real-time 
diagnosis and monitoring of the PECVD equipment. 

Gap-fill IMD for BEOL-PECVD depk'tch 
In a metal RIE BEOL (back-end-of-line) process, the 
IMD is considered a critical application, and TEOS-bascd 
silicon oxide or silane-based HDP CVD oxide is typically 
used for enhanced conformality and gap-fill capability, 
respectively. With each new generation of CMOS technology, 
the aspect ratio of the metal wiring has increased, making 
void-free IMD filling at a temperature compatible with 
the materials properties of the wiring [i.e., under 400°C 
for Al(Cu)-based wiring] difficult to obtain. A number 
of techniques have been used by semiconductor 
manufacturers to solve this problem. In the 1980s IBM 
pioneered the use of "dep/etch" PECVD IMD [29[. The 
process consists of alternating PECVD oxide deposition 
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and argon sputter-etching steps, which taper the as-
deposited oxide sidewalls and open the structures for 
easier dielectric filling. The gap-fill capability of the 
dep/etch process can be improved by using films with 
improved conformality. For example, a PECVD TEOS 
dep/etch/dep process fills higher aspect ratios than a 
PECVD silane oxide dep/etch/dep process designed with 
the same film thicknesses and number of etch-back steps, 
since the conformality of the PECVD TEOS process is 
about 15-20% better than that of the PECVD silane 
oxide process. 

Al(Cu)-based wiring thickness has been kept 
approximately constant for the 0.8-/j,m through 0.25-juim 
CMOS generations in order to minimize RC {R = metal 
interconnect resistance and C = interlayer dielectric 
capacitance) delay. The wiring aspect ratio has increased 
steadily with each generation, resulting in a higher 
incidence of voiding between metal lines when use is 
made of the PECVD dep/etch IMD method. Contacts in 
sub-0.5-fjLm CMOS circuits are usually borderless to the 
underlying wiring. This design technique requires less 
space for the contact, maximizing wiring density. Thus, 
if a void exists between the metal wires, the contact can 
intersect the void. This can result in poor reliability and 
metal shorting. On the basis of yield and reliability 
analysis of several CMOS products, we have concluded 
that the maximum aspect ratio which PECVD 
dep/etch IMD can fill without creating problems is 
about 1.2:1. 

Optical image ot a defect caused by a particle that wa.s on a wafer 
immediately before a damascene-based IMD deposition or was 
embedded during deposition. Most likely, resist would planarize 
over the particle, and the resist remaining over the center of the 
defect would be thinned. This would cause loss of the line pattern, 
since the particle area would be overexposed, overdeveloped, 
and too thin to withstand the subsequent RIE processing. 
Residual metal with no pattern would thus remain in the particle 
area. The resist would be thicker surrounding the defect, result-
ing in no etching into the oxide, since the resist would not be fully 
open to the oxide (underdeveloped and underexposed). Therefore, 
a circular open area with no metal pattern would remain. 

Gap-fill IMD-HDP CVD 
In the 1980s, several equipment manufacturers began 
developing HDP CVD systems for plasma processing, but 
there were equipment reliability problems (e.g., with their 
electrostatic chucks and high-speed pumps) that made 
them difficult to implement in manufacturing [136]. Once 
these problems were solved in the 1990s, HDP CVD 
became more attractive because of its superior gap-fill 
and self-planarization capabilities [115]. A typical IMD 
sequence involves filling the gaps with the HDP CVD 
oxide film, followed by a PECVD "cap" layer carried 
out either in the same or another PECVD system. The 
dielectric is then polished to the required IMD thickness. 
The three major issues to consider are wiring reliability, 
process-induced plasma damage to IC devices, and 
optimization of the D/S ratio to achieve maximum benefit 
in both gap fill and planarization. 

• HDP CVD planarization 
As-deposited HDP CVD film profiles are shown in Figure 5. 
Because of the simultaneous deposition and etching 
inherent in the process, the amount of oxide left on top of 
metal lines changes with the lateral feature size [137]. As 
can be seen in the SEM cross-section micrographs, the 

narrower the line, the less HDP CVD oxide remains on 
top of the line. This planarizing feature of HDP CVD 
leads to a reduction of the actual amount of oxide 
polishing required for the IMD and ultimately to better 
oxide film uniformity. For example, at the first metal level 
for a DRAM chip, the majority of the chip area typically 
consists of narrow lines. Only a small percentage of the 
wafer contains wide metal lines and features. Therefore, 
only a small area of the chip would be expected to be 
covered with the full thickness of oxide after HDP CVD 
processing because of this lateral feature size dependency. 
During the subsequent oxide polishing process, the 
pressure on these wide features should be large 
(pressure = force/area); therefore, the features with the 
full thickness of HDP CVD oxide should polish more 
rapidly. The polishing rate should slow down when the 
polishing pad hits the narrow lines in the array, since the 
pressure would then be very low (because of increasing 
array area). The overall reduction in CMP time required 
to planarize the IMD leads to improved IMD uniformity 
and a reduction in the amount of oxide removal required 
to reach planarity. Table 5 lists typical via resistance data 
for wafers processed using dep/etch and HDP CVD. 
Because of their lower thickness variation after CMP, the 13 
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Profiles of an oxide deposited onto metal lines using HDP CVD, illustrating the lateral feature size dependency of the process. The larger the 
sputtering component or the smaller the D/S ratio, the less the oxide remaining on the metal lines and the less the final oxide thickness, 
especially on the narrow line, as can be seen on the SEM micrographs. 

Table 5 Typical normalized IMD via resistance data 
(98th percentile) for integrated-circuit wafers fabricated using 
HDP CVD and dep/etch. From [138], with permission. 
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wafers processed using HDP CVD consistently displayed a 
lower via resistance variation than those processed using 
dep/etch. In general, via yields decrease as the via aspect 
ratio increases because of degraded titanium/titanium 
nitride interconnect liner coverage in the lower portions 
of the vias [139]. Since the HDP CVD IMD wafers had 
reduced IMD thickness variation, the variation in via 
aspect ratio was reduced, resulting in improved via yields. 

The smaller the DIS ratio or the greater the sputter-
etch rate, the more planarization will occur during HDP 
CVD. In addition, the thicker the HDP CVD film, the 
better the degree of planarization, as shown in Figure 6. 
Profilometer step height measurements from the array 
(minimum feature size) to a wide feature were used to 
characterize the change in planarization with film 
thickness. 

• Plasma-induced damage 
Recent reports show that HDP CVD silicon oxide for 
IMD does not cause device degradation in 0.5-/j,m [119], 
0.35-p,m [141], and 0.25-/xm [123] devices. We have 
further evaluated HDP CVD plasma-induced damage 
using integrated CMOS test sites (L ĵj = 0.2 p.m and 
the thickness of gate oxide = 4-8 nm) and found no 
differences in charge-to-breakdown and hot-carrier-
induced threshold voltage shifts on diode-protected 
devices. We did, however, observe significant plasma-
charging differences when the CMOS gates were not tied 
to protect diodes, as shown in Figure 7. Use of HDP CVD 
(c) and a high-pressure PECVD dep/etch (b) did not cause 
significant degradation of the n-FET hot-electron ratio; 
use of a low-pressure PECVD dep/etch IMD (a) induced 
significant hot-electron n-FET ratio degradation; use of 
HDP CVD (c) showed plasma charging on very large 
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antenna test sites. For a .5-nin gate-oxide thickness and a 
10'':1 antenna ratio, test sites displayed a yield of about 
95%. From these data and reported results, plasma-
induced damage from an optimized HDP CVD process 
appears to be comparable to or sometimes better than that 
of an optimized conventional PECVD process. 

% Aluminum-based wiring reliability 
The temperature variation across the wafer for HDP 
CVD is larger than in conventional PECVD processing 
(20-50°C depending on HDP chainber and process). 
Furthermore, it is known that stress-induced voiding in 
Al(Cu) thin-film lines can be accelerated by depositing an 
overlying insulator at higher temperatures [143]. It is 
therefore important to optimize the HDP CVD process at 
a temperature that gives acceptable film characteristics, 
yet does not exceed a temperature that causes poor wiring 
reliability. Our early 0.3.5-/Am DRAM reliability results 
showed no resistance shift for HDP CVD processing 
provided the maximum temperature on the wafer was less 
than 4D0°C. Depending on processing conditions, the 
temperature variation can be as high as SO'C under HDP 
CVD processing. We observed a center-to-edge variation 
for metal resistance shifts after stressing which correlated 
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Plasma charging from HDP CVD (using CMOS test sites): n-FET 
hot-electron ratio for (a) low-pressure dep/etch IMD, (b) high-
pressure dep/etch IMD, and (c) HDP CVD IMD. Note that use of 
the high-pressure PECVD process and HDP CVD eliminates the 
sporadic charging events. From [142], with permission. 
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SF.M cross section of a 0.175-|U,rn shallow-trench isolation (STI) 
DF<AM aiTay after HDP CV0 oxide deposition. 

Table 6 stress-migration-induced resistance shifts for 
wafers stressed at 2flO°C and 285°C vs. wafer temperature 
during HDP CVD. Data were obtained after 1500 hours of 
stressing at 200°C and 1000 hours at 285°C. The temperature 
on the wafers ranged from 20 to 50°C depending on 
processing details; 7"̂ ,̂ ,, was the mean wafer temperature 
during deposition. 

T 
-* DEP 
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Stress-migration-induced 
resistance shift (%) 
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425 
393 
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17 
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Table 7 C V D equipment trends for gap-fill and 
damascene IMD films. 

CVD process 1992 
(wafers/hr) 

1997 
(wafers/hr) 

2.0 fim (gap-fill IMD) 10 
1.5 îm (damascene IMD) 30 

30 
80 
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well with the variation in wafer temperature. When the 
temperature was greater than 400''C, the resistance 
of the metal hnes was higher. As shown in Table 6, a 
temperature matrix using a 0.35-/xm AI(Cu)-based DRAM 
process indicated that the largest resistance shifts occurred 
at higher deposition temperatures. Significantly, the HDP 
CVD process could be optimized to give sufficient 
reliability results for a 0.35-^m Al(Cu)-based CMOS 
process and beyond. 

Intermetal dielectric development outlook 
During the past decade, IMD research and development 
has focused primarily on the void-free filling of high-
aspect-ratio Al(Cu)-based thin-film wires and the 
planarization of multilevel wiring structures. Void-free 
filling was difficult to achieve because of the lovi'-
temperature restraint [for the Ai(Cu)-based wiring]. 
Planarization was important, since multiple wiring levels 
were used for submicron technologies [29]. During the 
past few years, several silicon-oxide-based IMD processes 
with excellent gap fill have been put into volume 
manufacturing. With the advent of advanced plasma CVD 
methods such as HDP CVD and non-plasma methods such 
as ozone-TEOS CVD as well as SOG, void-free gap fill 
has become a secondary issue [144], Planarization has also 
become less of an issue since CMP has become widely 
accepted by the semiconductor industry. The principal 
technology driver for silicon oxide IMD has become "cost 
of ownership." Manufacturing costs for gap fill and planar 
IMD films over the past five years have been reduced to 
about $10 and $5 per wafer, respectively |49J. Table 7 
summarizes recent CVD equipment trends for gap fill and 
damascene IMD films for typical commercial CVD 
equipment. 

Shallow-trench isolation 
A critical dielectric thin-film application for the "front end 
of line" (FEOL) is the shallow-trench isolation (STI) of IC 
devices [145], STI is the method of choice for modern 
integrated circuitry because of its scaling advantages 
compared to local oxidation of silicon (LOCOS). Traditionally, 
noo-plasma-based dielectric deposition processes such as 
LPCVD, APCVD, or SACVD TEOS were preferred for 
this application to eliminate plasma damage to the silicon 
substrate. However, as ground rules continue to shrink 
and the aspect ratio continues to increase, new processes 
for the void-free fill are required. In addition, non-plasma-
based TEOS films require high-temperature annealing for 
densification, which, as IC dimensions shrink, becomes 
increasingly difficult to implement because of thermal 
budget limitations. 

One of the most recent candidates for the STI gap-fill 
apphcation is HDP CVD. Various groups have reported 
results using this technique [123. 146, 147], The deposition 
principle is the same as for the BEOL applications 
mentioned above; i.e., the combination of deposition and 
simultaneous sputtering leads to a bottom-up filling 
profile. Figure 8 shows an SEM cross section of a 
0.175-/xm DRAM array after HDP CVD STI fill. Note the 
"huts" formed above the active areas, a typical signature 
of the in situ sputtering. Their height is a function of the 
DIS ratio, the lateral feature size, and the total film 
thickness, as discussed in the IMD section. 
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Another advantage of HDP CVD for STI gap fill is tliat 
films deposited by HDP CVD do not require an extra 
annealing step to sustain subsequent wet stripping 
and cleaning processes. This arises from both the ion 
bombardment and the elevated temperature characteristics 
of the process. In contrast to "back-end-of-line" (BEOL) 
processing, thermal budget limitations are minimal 
and deposition at temperatures in excess of 500°C is 
acceptable. Figure 9 illustrates the influence of the D/S 

ratio and the impact of the wafer temperature on the in-
plane stress and the wet-etching rate, normalized with 
respect to thermally grown oxide. It is evident that these 
film properties are determined by substrate temperature. 
The D/S ratio is, however, relevant with regard to void-
free gap fill, corner clipping, and substrate damage. The 
actual challenge for HDP CVD processing for STI is the 
integration of the film using conventional planarization 
schemes. Typically, the STI oxide has been deposited 17 
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Table 8 H D P C V D film properties as a function of 
increasing gas flow, wafer temperature, bias rf power, and 
HDP source rf power; | indicates increasing, J, indicates 
decreasing, and — indicates no change. From [161], with 
permission. 
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using LPCVD, SACVD, and APCVD TEOS oxide 
processing, which results in conformal films (equal film 
thickness independent of feature size). The challenge is to 
optimize and to simplify the planarization scheme, while 
taking advantage of the unique thickness profile of the 
HDP CVD oxide. 

• Doped silicon oxide films 

As we have mentioned previously, the properties of 
dielectric films can be modified by changing reactant 
chemistry. For example, adding phosphorus and boron to an 
oxide (BPSG) lowers the melting point of the film such that 
the material reflows at lower temperatures, enhancing its 
gap-filling capability. Fluorine can be added to oxide to 
lower its dielectric constant, making such an oxide a 
desirable material for the BEOL IMD. There are numerous 
applications for doped silicon oxide films. We focus our 
discussion on fluorine-doped silicon oxide (FSG), phosphorus-
doped silicon oxide (PSG), and boron/ phosphorus-doped 
silicon oxide (BPSG) films. 

Fluorine-doped silicon oxide (FSG) 
FSG films can be deposited by either conventional 
PECVD processing [148-156] or HDP CVD [157-160], 
Such films are of interest because of their lower dielectric 
constant. Another advantage is that FSG can be deposited 
with existing PECVD or HDP CVD equipment. Dielectric-
constant values of 3.0-3.6 have been reported, but values 
of 3.5-3.6 are more typical for stable FSG films. The 
effects of process conditions on silicon tetrafluoride 
(SiF^)- and fluorocarbon-based FSG have been extensively 
discussed elsewhere [154-156]. In general, oxide films 
doped using SiF^ as the fluorine source are more stable 
than those doped using fluorocarbon chemistry [154, 155]. 
We limit our discussion to FSG films deposited using 
HDP CVD and compare films deposited using both SiF^ 
and carbon tetrafluoride (CF^) as dopant sources. 

In our work, the films were deposited with the use of 
commercially available 200-mm reactors. We determined 
that the fluorine content in the films decreased with 
increasing wafer temperature, increasing wafer bias rf 
power, and increasing HDP source rf power, as shown in 
Table 8. For example, a variation in wafer temperature 
of 350-275°C corresponded to a range of 8-16 atomic 
percent (at.%) fluorine. The films were optimized at a 
fluorine concentration of 3 at.%; thickness uniformity and 
fluorine uniformity were 4% and 0.2 at.%, respectively. 
The dielectric constant measured was 3.5 ± 0.1% for 
the 3-at.% fluorine films, in agreement with previously 
published data [154-156]. 

Multilevel interconnect structures were used to evaluate 
the FSG film as an IMD. In conventional tungsten plug 
technology, a titanium layer is used to improve electrical 
contact to underlying Al(Cu)-based lines. Normally, this 
titanium (Ti) layer is covered with titanium nitride (TiN) 
so that the free fluorine from the tungsten reactant gas 
(tungsten hexafluoride) does not attack the Ti to form 

Table 9 Via resistance distributions for integrated-circuit lots showing median (50%) and either 90th or 98th percentile 
(90/98%) values. The data were normalized to the median via resistance of the SiO^ control cell. A failure was assumed to have 
occurred when the 90/98% value was 75% or more higher than the control cell median; at least six wafers per lot were tested. 
From [161], with permission. 
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titanium fluoride (TiF^). (The formation of TiF̂  results in 
poor tungsten adhesion.) If fluorine from the FSG JMD 
should diffuse into the titanium liner to form TiF , the 
same adhesion problem would occur, resulting in 
increased via resistance and degraded wiring line 
reliability. It has been reported that the fluorine in FSG 
films becomes unstable above a content of 4% Si-F/Si-0 
[153-155]. Using integrated BEOL wafers, we evaluated 
SiF_,- and CF^-doped HDP CVD proce.s.ses for forming 
FSG films [161]. Table 9 summarizes the via resistance 
distributions obtained for several integrated circuit lots. 
Wafers processed with CF^-doped or 12% Si-F/Si-0 SiF -̂
doped FSG displayed a significantly larger via resistance 
variation, as shown by the 98th percentile and higher 
median values, compared to the undoped silicon oxide 
control wafers. Standard Ti.TiN was deposited in the vias 
(as a liner) before CVD tungsten filling. We attribute the 
increased via resistance to poor Ti adhesion. The via 
resistance distributions of test sites processed with the 
3% Si-F/Si-0 SiF_,-doped films were not degraded. FSG 
wafers having low medians and standard deviations for via 
resistances measured before stressing displayed much 
lower resistance increases after stressing (and behavior 
equivalent to that of undoped silicon o.xide) than FSG 
wafers having higher medians and standard deviations 
[161]. Other reliability data (electromigration, thermal 
cycling, and temperature/humidity/bias stressing for 
corrosion) showed that 3% Si-F/Si-O SiF^-doped films 
were equivalent to undoped silicon oxide [161]. On the 
basis of these results, the minimum relative dielectric 
constant for stable FSG films appears to be 3.5 (at the 
3-at.% doping level). By comparison, PECVD silicon 
oxide has a relative dielectric constant of 4.1. If the line 
pitch and width are kept constant, the use of FSG decreases 
the RC wiring delay by about 13%. We have fabricated 
integrated multilevel finger capacitor BEOL test sites to 
measure the line-to-line and level-to-level capacitance. 
The measured RC delay data shown in Figure 10 are 
in excellent agreement with predicted values. 

Phosplionis-doped and boronlphosphoms-doped silicon oxide 
(PSG and BPSG) 
Phosphorus-doped silicate glass or PSG [3-8 weight % 
(wt.%) PJ is used as the passivation layer over the 
polysilicon gate conductor (referred to as the premetal 
dielectric or PMD) in a field-effect transistor (FET) 
device. The device-related requirements for the PSG 
process are void-free gap fill (between the gate-conductor 
lines), high density and stability of the PSG layer 
(preferably as-deposited); and conformance with a limited 
thermal budget for the deposition process and any 
subsequent densiflcation step (e.g., less than 25 minutes 
at 700°C for advanced logic and less than 25 minutes at 
75(fC for advanced memory applications). PSG films 

Linewidth (litn) 
1.0 0.7 0,5 

13% 

R (mfl/jam) 

Measured RC delay vs. linewidth for 1.44-^m pitch, 45-mO/D 
sheet-resistivity wiring insulated with undoped silicon oxide 
(open circles) and FSG Chat was deposited using HDP CVD 
(solid circles). From [161], with permission. 

may have to be reflowed to achieve void-free gap fill, 
depending on the aspect ratio of the feature. Boron 
(and/or other dopants such as germanium) [29] must be 
added to the PSG matrix to reduce the reflow temperature 
below 1000°C. 

PSG and BPSG can be deposited via any number of 
methods, including non-plasma processes such as APCVD 
and SACVD, LPCVD, and plasma processes including 
PECVD and HDP CVD. Although recent advances in 
doped ozone-TEOS silicon oxide such as SACVD PSG— 
including the use of higher deposition temperatures 
(600-650°C) and pressures as high as 700 Torr—have 
increased the maximum aspect ratio to about 3 for void-
free gap fill [see Figure 11(a)], further advances in AP or 
SACVD PSG to provide void-free filling of features having 
an aspect ratio of 5-6 (0.18-/Am DRAM generation) 
appear difficult within the constraints outlined above. 
Through the addition of 4-5 wt.% boron and a 
subsequent 750-800°C atmospheric or higher-pressure 
steam anneal, void-free filling of higher-aspect-ratio 
features [see Figure 11(b)] becomes feasible, albeit 
with disadvantages (compared to as-deposited PSG) of 
increased cycle time, increa.sed thermal cycle, crystal 
defects [162], and process complexity. Furthermore, the 
successful use of a reflow temperature below 750°C appears 
unlikely even with the addition of germanium [29]. 

PECVD PSG was used in early DRAM (1Mb) chips, 
but was supplanted by the APCVD BPSG process owing 19 
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SEM cross-scclion micrographs showing higli-aspecl-ratio gap 
fill for Ihermal (non-plasma) (a) ozone-TEOS SACV0 PSG; (b) 
ozone^TEOS SACVD BPSG (post-800°C 10-minute steam 
anneal). 
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- f m i 

0.5 ^m 

SEM cross-,section micrograph showing gap fill of 0.1 fim, 4:1-
aspect-ralio features by means of PSG deposited using HDP CVD. 

20 

to the better gap fill of the reflowed material. The use of 
transition-metal silicides as gate-conductor material or in 
junctions has limited processing temperatures to less than 
800°C and forced developinent of dep/ctch PECVD PSG 
and, subsequently, dep/etch SACVD PSG. Nevertheless, 
although providing an improvement to gap fill, vertical 
features with an aspect ratio greater than 1.5 cannot be 
filled with even a five-step dep/etch sequence [29]. 

Further advances in high-aspect-ratio gap fill with 
undoped and phosphorus-doped silicate glass have been 
achieved in the past two to three years using HDP CVD 
[136, 163-166]. Void-free gap fill has been extended to 
features having aspect ratios greater than 3 as a result 
of the simultaneous deposition and etching inherent in 
the process. In phosphorus-doped HDP CVD, the gas 
mixture includes oxygen, argon, silane, and a phosphorus 
source such as phosphine. Publications on process 
characterization and integration have thus far been Mmited 
[162-165]. Gobil et al. [163] have characterized PSG films 
deposited in an HDP CVD reactor. In their work, a 
postdeposition densification at or above 700°C was shown 
to be required lo fully oxidize free phosphorus, degas 
trapped moisture, and stabilize the film. The D/S ratio 
was not defined for the parameter space studied, and the 
structure filled with the PSG was not especially difficult to 
fill because its sidewalls were tapered at a 45° angle. Qian 
et al. [164, 165] have discussed the integration of an HDP 
CVD undoped silicon oxide layer as part of a PMD stack 
consisting of a PECVD nitride liner with the HDP CVD 
layer used for gap fill. The effect of possible plasma 
damage by the HDP CVD process was not discussed. 

We have investigated the hardness of HDP CVD films 
and compared their hardness to that of other gap-fill 
dielectrics such as SACVD PSG, SACVD BPSG, LPCVD 
BPSG, and annealed SACVD BPSG. As indicated in 
Table 10, we found that the HDP CVD oxides are harder 
than the ozone-TEOS and LPCVD oxides, thereby 
offering a potential advantage in reduced scratching 
during CMP. 

Recent efforts to optimize the deposition of PSG using 
HDP CVD have resulted in void-free filling of 0.1-^m-
wide features having an aspect ratio of 4; this was 
achieved without corner clipping using typical conditions 
indicated in Table IL Although the PSG polished at a 
lower rate (—240 nm/min) than annealed BPSG 
(—300-400 nm/min), planarization could be accomplished 
by CMP without difficulty, as indicated by the micrograph 
shown in Figure 12. The tendency of the HDP CVD 
process to impart plasma damage to underlying sensitive 
electrical structures was measured in capacitors with large 
antenna ratios. Table 11 includes yield data on these 
structures deposited using the aforementioned process. 
Minimal plasma damage occurred except at the highest 
antenna ratio (~10M:1), suggesting that there may be a 
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Table 10 Hardness of CVD oxides and boron- and phosphorus-doped oxides. SA: subatmospheric ozone-TEOS CVD 
oxide; LP: low-pressure CVD TEOS oxide; HDP: high-density-plasma CVD oxide; BPSG: borophosphosilicate glass; PSG; 
phosphosilicate glass; USG: undoped silicon oxide. 

CVD 
type 

SA 
SA 
SA 
LP 
LP 
HDP 
HDP 

Sample 

BPSG 
BPSG 
PSG 

BPSG 
BPSG 
PSG 
USG 

B and P 
eonceiUralions 

(wl.%) 

4.5, 4.2 
4.6, 4.0 
0.0, 4.0 
4.5, 4.2 
4.5,4.2 
0.0, 4.5 

N/A 

Thiekness 
(fxm) 

0.95 
1.02 
2 
0.95 
0.95 
2.1 
2 

Deposition 
temp. 
(°C) 

480 
480 
600 
800 
850 

<500 
<500 

Annealing 
temp./lime 
(°C)/(min) 

N/A 
800/25 
N/A 

800/25 
850/25 
N/A 
N/A 

Hardness 
(GPa) 

4.4 
5.3 
4.1 
5.9 
6.2 
7.1 
8.3 

Table 11 Typical conditions for depositing PSG films using HDP CVD and typical resulting film properties. 

Parameter Parameter setting Film properties 

Property Magnitude 

Oxygen (seem) 100-300 

Argon (seem) 25-100 

SiH^ (seem) 20-75 

50% PH, in SiH^ (seem) 20-75 

Low-frequency (400 kHz) power (W) 3500 

High-frequency (13.56 MHz) power (W) 2000 

Etch-to-dcposition ratio 0.17 

Pressure (mTorr) <10 

Phosphorus content (wt.%) 5 (range: 0.3) 

Deposition rate (nm/min) 600 

Polishing rate (nm/min) 240 

Within-wafer uniformity (% 1 sigma) 3.2 

Refractive index 1.465 

Stress (1 X 10" dyne/cm") -1.4 

Shrinkage after 900°C, 30 min N, <0.2% 

Antennae yields (%) at antenna 
ratio: 

214K 97.5 
9.7M 87.5 

problem for more sensitive, thinner gate-oxide devices. 
More extensive studies must be done with both test 
structures and actual device wafers to better understand 
the extent of such plasma damage. 

• Silicon nitride and silicon oxynitride films 
In this section, some work on PECVD silicon nitride and 
silicon oxynitride is discussed. Excellent reviews of 
PECVD (and LPCVD) silicon nitride [104, 167] and 
oxynitride hlms [104] providing characterization resuUs 
and deposition mechanism discussions have been 
published. LPCVD nitride is typically used for applications 
where stoichiometric nitride is required; however, it is 
deposited at relatively high temperatures (720-780°C). For 
many ULSI applications, a lower deposition temperature 
(less than 400°C) is required. Nearly stoichiometric silicon 
nitride can be deposited at such temperatures using ECR 
or HDP CVD methods. Gate-quality silicon nitride has 

been prepared using an ECR remote PECVD method and 
has been implemented successively as a gate dielectric for 
GaAs metal-insulator-scmiconduetor (MIS) FETs [168]. 
Kotecki and Chapple-Sokol [169] have studied the 
incorporation of hydrogen in films deposited by the ECR 
remote PECVD method and found that films deposited at 
temperatures greater than 350°C were stable (no hydrogen 
desorption) even after annealing at 920°C. Studies of the 
dielectric properties of ECR CVD SiN, films [170] and 
further process studies, especially with respect to plasma 
stability [i71|, have been published. 

Conventional PECVD nitride and oxynitride films are 
typically deposited using silane as the silicon source, 
ammonia and nitrogen as the nitrogen sources, and 
nitrous oxide as the oxygen source (for oxynitride). 
Depending on the gas flows and process conditions, the 
entire range of nitride to oxide can be achieved with a 
PECVD process [172], making it easy to tune the process 21 
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PECVD nitride 
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LPCVD nitride 

10 15 
Wafer number 

21 

22 

I Junction leakage current as measured on different wafers using 
I STI-bounded junction leakage test structures for LPCVD vs. 
I PECVD silicon nitride gate- conductor barrier films. The structures 
I were intended to provide perimeter junction leakage measurements 
i for various devices. The macros cotisisted of diffusion serpentines 
I having an STI comb perimeter and a 0.2-^m spacing (after 
j diffusion). The comb structure was covered by a gate conductor. 
: The PECVD silicon nitride was 25 nm thick, and the LPCVD 
! nitride was 8 nm thick. 

to satisfy photolithography, etching, electrical, and 
materials requirements. We discuss the following 
applications for conventional PECVD silicon nitride 
and/or silicon oxynitride films: final passivation, gate-
conductor barrier film, and antireflective coating. 

Final passivation 
The last dielectric deposited on integrated-circuit wiring is 
typically designated as "final passivation." A PECVD 
silicon nitride film serves as both a moisture and diffusion 
barrier to mobile ions in the final passivation layer [173]. 
Swann et al. [174] were the first to report the use of 
PECVD nitride for passivation and have described C-V 
results comparing silicon oxide and silicon nitride sodium 
contamination as well as silicon device passivation 
characteristics. Typically, final passivation for 
semiconductor devices consists of a thin-film stack of 
PECVD silicon oxide, PECVD silicon nitride, and spun-on 
polyimide. The dual PECVD silicon oxide and silicon 
nitride layer has also been used as the passivation layer 
for solar cells. Nagayoshi et al. [175] have determined 
that the combination of PECVD oxide and nitride and 
hydrogen-radical annealing improves the effective lifetime 
by reducing the surface recombination velocity of the 
crj'stalline silicon surface. An important issue for the iinal 
passivation in IC fabrication is the total thickness of the 
PECVD film stack [176]. Typically, it is desirable to 
maintain a thin oxide and nitride film stack to facilitate 
etching open "fuses" at the terminal via step. However, if 

the final passivation becomes too thin, it can crack during 
chip packaging. Further discussion of such issues can be 
found elsewhere [177, 178]. Furthermore, the use of 
PECVD silicon o.wnitride has been reported for final 
passivation [179]. It has also been reported that the 
diffusivity of sodium in PECVD oxynitride increases 
with increasing oxygen content [180], but the correct 
composition provides adequate protection against mobile 
ion diffusion [104]. 

Gate-conductor barrier applications 
Silicon nitride is typically used as a stop layer for etching 
contacts at the gate-'^onductor level because of its high 
etch selectivity to doped oxides such as BPSG and PSG 
[37]. The nitride is usually deposited as a thin layer over 
the gate conductor iminediately before the BPSG or PSG 
is deposited. As mentioned previously, phosphorus in the 
BPSG and PSG getters mobile ions. Silicon nitride is 
also an effective mobile ion diffusion barrier. We have 
previously reported on process optimization of PECVD 
silicon nitride for the gate-conductor barrier application 
[181]. Notably, the barrier nitride can affect the surface 
states of FET devices, and thus their electrical 
performance [f82]. In that work, STI-bounded junction 
leakage measurements were used to evaluate various 
nitrides because of the sensitivity of this measurement to 
surface states. The test structures consisted of diffusion 
serpentines with an STI comb perimeter and the STI 
covered by the gate conductor. Figure 13 shows junction 
leakage measurements on wafers processed with a PECVD 
nitride barrier and on wafers processed with an LPCVD 
nitride barrier. Clearly, the PECVD nitride was more 
effective at passivating surface states that can cause high 
junction leakage than the LPCVD nitride. Most likely, 
the dense structure of the LPCVD nitride lowers the 
permeability of the film to hydrogen diffusion during 
subsequent annealing steps [183]. It is important that the 
barrier film either provide hydrogen or allow hydrogen to 
diffuse through it in order to passivate surface states and 
reduce device junction leakage. Although PECVD nitride 
offers a significant improvement over LPCVD nitride in 
reducing device junction leakage, the leakage can be 
substantially changed by varying the stoichiometry of the 
film. For example, the use of a high-silane flow process to 
produce PECVD nitride (having a refractive index of 2.0) 
results in a leakage current comparable to that which 
occurs for LPCVD nitride, as shown in Figure 14. To 
further improve the barrier film, resulting in consistent 
low device leakage currents with tight distributions, 
oxynitride can be used as the barrier in the devices. 
PECVD silicon oxynitride films act both as a hydrogen 
donor and as a more permeable layer to hydrogen during 
subsequent annealing steps [183]. Actually, LPCVD 
oxynitride (which has a lower hydrogen content than 
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PECVD oxynitride) can perform the same function 
given an optimum oxygen content, suggesting that the 
more open structure of the oxynitride film or higher 
permeability to hydrogen is the dominant factor in 
determining the improvement in device junction leakage. 

This improvement in leakage behavior may also be due 
in part to a decrease in the electron trapping rate of the 
oxynitride or PECVD nitride films. It has been reported 
that LPCVD nitride displays very strong trapping and 
hence is considered to be "electron-opaque" [184]. It has 
also been reported that nitride deposited with excess 
o.xidant displays a weaic electron-trapping rate [184]. Most 
likely, very weak trapping in the PECVD oxynitride makes 
it a less leaky film. We have found a general relationship 
between the percentage of Si-H or (Si-H)/(Si-H + N-H) 
in PECVD nitride and oxynitride films and the junction 
leakage, as shown in Figure IS. The lower the percentage 
of Si-H, the lower the junction leakage. A nitride film 
that was deposited in excess oxidant (ammonia) behaved 
similarly to oxynitride. This illustrates how critical film 
composition is and how it can markedly influence device 
characteristics. 

The secondary requirement for the oxynitride film is to 
act as a diffusion barrier to alkali and impurity ions [18.5]. 
It is not the primary barrier, since the phosphorus in the 
BPSG is present to getter the mobile ions. Osenbach and 
Voris [185] have observed that the diffusivity rate of 
sodium increases with increasing oxygen content in the 
PECVD silicon nitride films, suggesting that oxygen-doped 
films may provide less device protection against mobile 
ions. Hashimoto et al. [186] have suggested an optimum 
refractive index range of 1.80 to 1.85 to provide a 
diffusion barrier to zinc on gallium arsenide substrates. 
Bonding structural analyses and electrical measurements 
on PECVD and LPCVD oxynitride films [187, 188] have 
.shown that films with refractive indices of 1.75 to 1.80 
have low surface states with minimal leakage. From these 
reported results and our leakage data, it appears that a 
PECVD oxynitride film with a refractive index of 1.80 
to 1,85 might be desirable for the barrier apphcation. 
LPCVD oxj'nitride films can also enhance device performance 
compared to LPCVD nitride or PECVD nitride films, as 
indicated in Figure 16. 

Dielectric ARC applications 
Silicon ox\mitride dielectric ARCs (antireflective coatings), 
also designated as ARLs (antireflective layers), deposited 
using conventional PECVD equipment were first 
developed to satisfy the antireflective requirements of 
single-wavelength deep-UV lithography [189, 190]. 
Traditionally, inorganic .4RC solutions include TaSi and 
TiN [191], TiON [192], hydrogenated silicon (a-Si:H), 
silicon carbide, and nitride [193]. The widespread 
emergence of silicon oxynitride ARCs in the 
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semiconductor industry is more recent [25]. Silicon 
o.xynitride films of proper stoichiometry are beginning to 23 
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I Modeled photoresist absorbance swing variation as a function of 
j ARC thickness for silicon oxynitride CVD (solid curve) and two 

types of organic ARCs (dashed and dotted curves) 

replace conventional spun-on organic ARCs because of 

their improved conformality, lower cost of ownership, 

lower defect levels, improved etching selectivity to resist 

(>3:1) , and better optical properties, in addition to the 

inherent advantage of being suitable for process tailoring 

with a PECVD process. For dual-damascene processing, 

there are additional advantages: A single-layer dielectric 

A R C can be used for both via and line lithography, since 

it is not stripped with the resist as is organic ARC. 

Furthermore, a dielectric ARC can be used as a hard 

mask (if the etching selectivity is adjusted accordingly), 

resulting in self-alignment of the vias; this is beneficial 

at sub-0.25-ju,m ground rules. As shown in Figure 17, a 

silicon oxynitride ARC can have significant advantages 

in reducing photoresist swing curves relative to an organic 

ARC, thus enabling better critical dimension (CD) control. 

In general, a CVD silicon oxynitride A R C functions by 

one of two mechanisms. The first method involves the use 

of destructive interference, as illustrated in Figure 18(a). 

Incident light passes through photoresist and is partially 

reflected at the interface of the resist and ARC. The 

remaining light passes through the film and is reflected off 

an underlying substrate back through the A R C film. The 

CVD silicon oxynitride A R C properties are adjusted such 

that the reflections at the interface of the resist and the 

A R C are 180° out of phase and equal in intensity to the 

reflection from the substrate, resulting in complete 

cancellation of the light and elimination of undesired 

resist exposure. Optimal film properties are achieved by 

varying the film stoichiometry such that the real part of 

the refractive index («), the imaginary {k, the extinction 

coefficient) part of the refractive index, and the thickness 

are adjusted to meet targets based on optical modeling. 

Destructive interference is used in applications in which 

the thickness above the substrate is well controlled, e.g., 

at the polysilicon gate-conductor (PC) level. A second 

method of using silicon oxynitride A R C involves the use 

of light absorption, as illustrated in Figure 18(b). In this 

case, the thickness between the A R C and the substrate is 

not well controlled. For example, the A R C film may be 

deposited directly above an oxide film in which there are 

significant thickness variations across the wafer, as in 

damascene processing. Since the path length of the light 

varies, the A R C film cannot be optimized to result in 

destructive interference across the entire wafer or chip. 

However, it is possible to significantly reduce the 

exposure of the photoresist due to reflections from 

the interface of the A R C and resist and from the 

underlying substrate. Reflectance at the interface of the 

ARC and resist interface is governed by the equation 

R = [(«. .J/(«. "resist)]'- '̂ y tuning the 
refractive index of the ARC to match that of the resist, 
these reflections can be minimized. Light that passes 
through the ARC and is reflected by an underlying 
substrate can be significantly dampened and virtually 
eliminated by maximizing the extinction coefficient 
(absorbance) of the ARC and by depositing an ARC 
of sufficient thickness. 

An example of a CVD silicon oxynitride ARC 
application is the hard-mask integration method used in 
patterning polysilicon gate lines. The method involves the 
deposition of an ozone-TEOS oxide film followed by a 
PECVD silicon oxynitride film on top of the polysilicon 
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Light absorption 

Schematic illustration of tunctioning of an ARC film, either by (a) destiuctive inteifeience or (b) absorption 

before photoresist is applied to the wafers. The 
oxide/ARC stack is capable of conformally covering any 
underlying topography and the thicknesses are well 
controlled, so the destructive interference mode can be 
used. Sensitivity of the resist swing is modeled as a 
function of thickness in Figure 19. In this case, as 
indicated in the figure, minimal resist swing shift can 
be obtained at a given target thickness (±2.5 nm). 

PECVD silicon oxynitride ARC films require a 
surface treatment in order to avoid partial exposure of 
the chemically amplified resists used for deep-UV 
photolithography. The chemical contamination effects in 
the processing of chemically amplified resists have been 
described previously [194]. The migration of basic NĤ ^ 
ions from the oxynitride film surface into the resist is 
believed to result in a change of the acidity of the resist. 
This either leads to "pinching" (undercutting of the 
vertical resist profile) in negative resists or "footing" 
(physical extension of the vertical resist profile at its base) 
in positive resists. The deposition of an oxide cap or 
oxidation of the oxynitride surface by a plasma treatment 
can be used to suppress NH^̂  migration. Figure 20 shows 
the effectiveness of an oxide cap, O, plasma treatment, 
and N ,0 plasma treatment in eliminating pinching or 
footing of the photoresist. Resulting PC line profiles are 
shown in Figure 21. As can be seen, the PC lines show 
superior dimensional control when use is made of the 
PECVD silicon oxynitride ARC. 

• Fluorine-doped silicon nitride 
Plasma CVD fluorinated silicon nitride films have been 
studied as low-hydrogen, low-temperature passivation films 
for CMOS devices [195] and most recently as a material 

40 50 60 
Thicioiess (nm) 

Modeled photoresist swing variation as a function of PECVD 
silicon oxynitride ARC thickness. 

for dielectric ARC application in the 0.25-;uim IC 
technology [196]. We previously reviewed our work 
on fluorinated silicon nitride [29]. Stable and highly 
conformal fluorinated silicon nitride films can be 
deposited at low temperatures (300-400°C) in a 
conventional PECVD system using silane, silicon 
tetrafluoride, and nitrogen as reactant gases. Results from 
nuclear reaction analysis show that their hydrogen content 
(4-6 at.%) is less than that of a typical PECVD silicon 25 
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I Resist footing for a PECVD silicon oxynitride ARC with (a) no 
f surface treatment; (b) a thin oxide cap; (c) an N,0 plasma surface 
; treatment, (d) O, plasma surface treatment 

nitride (15-24 at.% hydrogen) film deposited under similar 
conditions. The Si-H bonds are replaced with Si-F bonds 
in the PECVD nitride film. Stable fluorinated silicon 
nitride films have a dielectric constant of 6-6.5, slightly 

lower than that of conventional PECVD nitride films 
because of the presence of fluorine. Adding fluorine to a 
silicon nitride film also enhances its plasma-etching rate 
[196]. This is important for the dielectric ARC application 
where the ARC must be removed and a high etching 
selectivity to underlying films is required. The use of 
fluorinated silicon nitride films in IC manufacturing has 
been limited because of adhesion concerns with the 
incorporation of fluorine in the film, but the improved 
process margin either with respect to step coverage or 
etch selectivity may prove to be useful in the future. 

• Silicon boron nitride films 
A review of semiconductor applications for boron and 
silicon boron nitride films and their deposition (using 
diborane/ammonia and borazine/nitrogen) can be found in 
[29]. Boron and silicon boron nitride films have several 
advantages that make them attractive. First, their high 
mechanical resistance makes them desirable as polishing 
stops in CMP [197, 198]. Next, their high RIE selectivity 
to silicon oxide and silicon nitride [199] makes them 
desirable in the fabrication of multilevel interconnections. 
Most recently, silicon boron nitride and silicon boron 
oxynitride films deposited by PECVD were used to 
fabricate a single-level test metallization structure with 
Cu-based wiring [200]. Significantly, it was shown that 
silicon boron nitride and silicon boron oxynitride are 
diffusion barriers to Cu, making them potential IMD 
candidates for Cu-based interconnections. HDP CVD 
deposition of (cubic) boron nitride with a borazine 
precursor has been reported [201]. The films thus produced 
are considered potential candidates for high-power 
transistor and optoelectronic devices because they can be 
easily doped and display a high breakdown voltage [202]. 

PECVD of carbon and fluorine-doped carbon films 
For ULSI and gigabit-scale integration (GSI) chips, the 
performance of the interconnections should preferably 
match the high performance of the devices [48, 49, 
64-66]. As indicated in the first part of this paper, to 
achieve long-term interconnection performance objectives, 
low-dielectric-constant IMD will be required. The possible 
use of fluorine-doped silicon oxide for this purpose has 
already been discussed. Another possibility is the use 
of carbon or fluorinated carbon (F-C^) films [58-63, 
203-215]. The dielectric constants of carbon and 
fluorocarbon films have been reported to be in the range 
of 2.0 to 3.3, fluorocarbon films being in the lower range. 
The carbon and fluorocarbon films are generally deposited 
using individual or a combination of various types of 
hydrocarbon and fluorocarbon precursors such as methane 
(CHJ, ethylene (C,H^), CF^, C,F^, C^F ,̂ CHF, with 
argon and hydrogen [63, 203-205, 207-210]. Ring-type 
hydrocarbon or fluorocarbon compounds such as benzene 
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Top-view SEMs of polysilicon conduclor lines formed using (aj convenlional organic ARC and (b) PECVD silicon oxynitride ARC. The 
tigure also illustrates the improvement in linewidth control that can be achieved by means of the latter. 

(C|jHJ, difluorobenzene (C^F ĵHj), and hexafluorobenzene 
(CJ^J [58, 215] and oxygenated fluorocarbon such as 
hexafluoropropylene oxide (HFPO, CjF^P) [206] have also 
been used as precursors. Carbon and fluorocarbon films 
deposited with ring compound precursors are thermally 
more stable and shrink less upon annealing at higher 
temperatures than those deposited with linear precursors. 
The deposition temperatures of these films are typically 
below 420''C to suppress unwanted diffusion between 
metal (Al, Cu) and dielectric films. Since low-fc dielectric 
properties of carbon and fluorocarbon film are controlled 
by the film bonding structures and F/C (the fluorine-
concentration-to-carbon-concentration ratio), the ion 
bombardment and film bonding structures drastically 
affect the film's dielectric constant [60, 63, 210], 

The properties of carbon films, such as thermal stability, 
stress, dielectric constant, bonding structures (i.e., sp' vs. 
sp" bonding), density and composition (i.e., H/C value), 
are related to deposition conditions (i.e., precursors, rf 
bias, power density). Carbon films with high sp̂  bond 
structure and a large H/C value tend to have lower 
dielectric constant and thermal stability [60, 63] than those 
with a high sp' bond structure. The optimization of their 
adhesion, thermal and chemical stability, stress, and 
dielectric constant has been investigated [60-63]. The 
incorporation of a small amount of silicon into carbon 
films enhances their stability and adhesion to deposited 

surfaces [60, 208]. However, silicon incorporation 
increases their dielectric constant. In ULSI device test 
studies, both carbon- and silicon-doped carbon films have 
been used as adhesion layers for low-k fluorocarbon 
dielectrics [60, 205, 208]. Carbon films have generally been 
found to be more thermally and chemically stable than 
fluorocarbon films. 

For fluorocarbon films, the plasma deposition process 
and precursor chemistry are critical to film stability. In 
general, films deposited with high FjC values tend to have 
a lower dielectric constant but poorer thermal stability 
and inferior adhesion. Thus far, the fluorocarbon films 
examined for ULSI device fabrication have required 
underlying adhesion layers. Films deposited with feed 
gases such as (C,H,) + C_,Fj. [206], difluorobenzene 
(C,̂ F^H,), and hexafluorobenzene (CjF,^ + Ar/FF [215] 
display lower dielectric constants and higher stability than 
films deposited with CHF, and/or fluorocarbon gases such 
as CF,, C,F ,̂ C F̂j, [203]. The addition of hydrogen or 
hydrocarbon in the feed gas removes excess fluorine and 
enhances the crosslinking bonding density in the film 
[209]. This increases the glass transition temperature 
of the film and its thermal stability. Recent studies 
[206, 213] have shown that pulse plasma CVD processing 
can be used to deposit fluorocarbon films using a 
hexafluoropropylene oxide (HFPO = C^F^O) precursor. 
By varying plasma pulsewidth, fluorocarbon films having a 27 
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Final 
passivation * 

Table 12 Summary of potential plasma CVD 
applications in ULSl-level DRAM and logic chips, and 
associated deposition process possibilities. 

Sliallow-trench 
isolation 

(Buried N plate) 

(Deep trench) 
N+ polysilieon 

28 

Schematic diawmg ot a thiee-level DRAM cell Potential plasma 
CVD applications (labeled with bold font) include the shallow-
trench isolation, gate-conductor cap, barrier and spacer films, the 
interlevel dielectric for gate-conductor passivation, the intermetal 
dielectric for damascene wiring and for metal RIE, and the final 
passi\ation Othei potential applications (not shown) might include 
saciificial haid masks and antireflective coatings foi etching and 
photolithography applications Fiom [216], with peimission 

low dielectric constant, low dangling bond concentration, 
and highly stable -CF, bulk bonding can be deposited. 
Highly stable fluorocarbon films with dielectric constants 
as low as 1.95-2.0 can be deposited using this pulse-
plasma CVD process. 

Thus far, no major advantages regarding carbon and 
fluorocarbon film properties have been observed for films 
deposited by HDP CVD versus cotiventional PECVD. One 
potential advantage of the former process is its improved 
gap fill at substrate-bias conditions [205, 208]. In the case 
of damascene processing, however, this provides no 
advantage. 

Application Process 

Shallow-trench isolation filling 
p-MOS gate conductor 

passivation 
Source/drain implant stop 

Prcmetal dielectric 

Intermetal dielectric for filling 
gaps in a metal RIE 
interconnect 

Intermetal dielectric for 
damascene interconnect 

Final passivation 

HDP CVD oxide 
PECVD oxide or nitride 

PECVD oxide or nitride 
spacers 

PECVD nitride or oxynitride 
barrier -I- PECVD 
PSG or PECVD BPSG or 
HDP CVD PSG 

HDP CVD oxide + PECVD 
oxide cap 

PECVD oxide 

PECVD oxide and PECVD 
nitride 

Manufacturing issues 
A typical CMOS manufacturing process consists of 
hundreds of separate steps, including a number of low-
temperature plasma dielectric depositions. Table 12 
summarizes potential applications and plasma CVD 
processes relevant to the fabrication of ULSI-levcl 
DRAM and logic chips. Figure 22 is a schematic of a three-
level-metal DRAM cell, indicating potential DRAM 
applications of the processes. A typical ULSI-level logic 
circuit chip contains five to six metal wiring levels, which 
may require twice as many plasma deposition steps. The 
plasma dielectric processes listed in Table 12 are carried 
out in three types of deposition equipment: 

1. Silane-based PECVD for undoped and doped silicon 
oxide, silicon oxynitride, and silicon nitride. 

2. TEOS-based PECVD for undoped and doped silicon 
oxide. 

3. Silane-based HDP CVD for undoped and doped silicon 
oxide and silicon nitride. 

The choice of the type of deposition chamber and/or 
silicon source depends on the application and the cost. In 
some cases, non-plasma CVD or spin-on processes can 
replace the plasma CVD processes. 

• Plasma CVD equipment configuration 
There are several equipment suppliers for plasma CVD 
processes. One critical manufacturing decision involves 
deciding which deposition tool platforms to purchase and 
how to populate the various types of chambers on them. 
Assuming that a single equipment supplier is chosen 
for the plasma CVD chambers and tools, the main 
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manufacturing decision involves the clustering of common 
plasma CVD processes and multiple process steps. In a 
declustered manufacturing line, all plasma CVD processes 
are run separately, with each process running in dedicated 
chambers. The benefits of declustering are that 1) CVD 
chamber uniformity and particle levels can be optimized 
for a single process and 2) process flow is simplified, 
making it much easier to trace yield-loss problems. In 
a clustered manufacturing line, common plasma CVD 
processes, such as silane-based plasma CVD silicon oxide, 
plasma CVD silicon nitride, and plasma CVD silicon 
oxynitride, are operated in the same chambers. In 
addition, where applicable, multiple steps such as the 
IMD which might include HDP CVD oxide gap fill and 
a PECVD cap are clustered together on single tool 
platforms. Clustering has the advantages of reducing the 
number of tool platforms required and reducing the 
number of process steps; it has the disadvantage of 
increasing complexity and reducing the ability to identify 
yield-loss problems. 

Sometimes plasma CVD chambers are dedicated to a 
particular application because of process temperature and 
metallic contamination concerns. It is well known that the 
temperature cycling of CVD chambers produces high 
particle levels and resulting yield loss. For this reason, it 
is desirable to keep plasma CVD chambers at a constant 
temperature. This means that CVD films deposited at 
different temperatures require chamber dedication. Wafer 
metallizations [silicide, tungsten, Al(Cu), Cu, etc.] lead to 
relatively high levels of metallic contamination in plasma 
CVD chambers. Since premetallization CVD processes, 
such as STI fill, are extremely sensitive to metallic 
contamination, additional chamber segregation is required 
for FEOL and BEOL processes. These temperature and 
metallic contamination issues increase the number of tool 
types required and, particularly for small manufacturing 
lines, increase the total number of tool platforms required 
and overall cost of ownership. 

• Cost of ownership 
Sematech has pioneered the systematic measurement of 
wafer cost of ownership; examples for PECVD clean [217] 
and sputter tool configuration [218] optimization have 
been discussed. We have summarized the basic Sematech 
cost model inputs in Table 13. Most plasma CVD 
processes can be performed on tool platforms from 
multiple equipment vendors, and cost models are used to 
make purchasing decisions. The cost-model results are 
highly dependent on the number of chambers placed on 
the tool platform and how the chambers are regularly 
qualified for manufacturing. In general, although the tool 
platform throughput increases as the number of chambers 
increases, the time during which the tool platform is 
available for manufacturing decreases because of increased 

Table 13 Basic Sematech cost model inputs for wafer 
cost-of-ownership calculation. 

1. Hours per day of production 
2. Process throughput or cycle time 
3. Installed cost of tool 
4. Cost of clean-room space, including access areas 
5. Payroll costs, including tool operation, maintenance, and 

engineering 
6. Cost of chemical gas and liquids used per wafer 
7. Cost of power, water, etc. 
8. Cost of spare parts 
9. Cost of warranty 

10. Cost of monitor wafers required for regular qualifications 
11. Cost of monitor and integrated patterned-wafer 

measurements 

Table 14 Compari son of the cost of ownership for a 
hypothetical system used for plasma CVD of l-jj,m-thick 
silicon oxide films, using monitor wafers vs. actual product to 
qualify the system. 

Parameter 
(70 wafers/hr) 

Monitor wafers 
Measurements 
Depreciation 

(personnel, spare parts, 
chemicals/gases, 
floor space) 

Total cost ($) 

Product 
qualifications 

0.09 
0.01 
2.23 

2.33 

Monitor 
qualifications 

0.60 
0.10 
2.23 

2.93 

unplanned and planned chamber maintenance. In addition, 
heavy reliance on monitor wafers to measure film 
uniformity and particle levels decreases the likelihood of 
yield loss but increases the overall cost of ownership. 
Table 14 shows that the cost of ownership can be 
significantly reduced by moving from a monitor-wafer-
intensive qualification scheme for film uniformity and 
particles to a product-wafer qualification scheme. The 
monitor-wafer-intensive scheme assumes that a particle 
and uniformity wafer is processed after every 50 product 
wafers arc processed in a chamber. The product-wafer 
scheme assumes processing of a particle and uniformity 
wafer per day in a chamber, and that a product wafer is 
measured after 50 wafers are processed in the chamber. 
Although measuring film uniformity and particles on 
product wafers increases the complexity of the chamber 
controls, it also reduces the cost of ownership by about 
20% per wafer. 

• Process and equipment extendibility and flexibility 
A common misconception is that semiconductor 
manufacturing lines are constructed for use by a single 
generation of IC products. In reality, a manufacturing line 29 
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T a b l e 1 5 1997 Semiconductor Industry Association Roadmap for plasma CVD defect density. From [219], with permission. 

Wafer 
environment 

On wafer 

Particle size (nm) 
Defect density (m 

Particle 
Defect I 

size (nm) 
iensity (m 

') 

-') 

1997 

125 
27 

200 
25 

1999 

90 
12 

200 
20 

2001 

75 
8 

200 
15 

Year 

2003 

65 
5 

200 
10 

2006 

50 
2 

200 
5 

2009 

35 
1 

200 
1 

2010 

25 
1 

200 
1 

30 

will typically produce two or three full generations with 
scheduled linewidth shrinkage. For example, a 0.35-jnm-
generation 64MB DRAM line would cycle through 0.30-
lj.m and 0.25-/iim 64MB DRAM and 0.25-/j,m, 0.21-/^m, 
and 0.18-iu,m 256MB DRAM with essentially no changes 
to nonphotolithography tools. This means that plasma 
CVD tools being purchased must be able to eventually 
meet much more stringent defect density requirements 
than initially required. The 1997 Semiconductor Industry 
Association's Roadmap for plasma CVD film defect 
density is shown in Table 15 [219], A major consideration 
in selecting tool platform suppliers is their ability to 
continuously improve the defect density levels in their 
tools. Some semiconductor manufacturing lines 
simultaneously manufacture a mixture of memory and 
logic products. Since the number of films and their 
thicknesses vary considerably for different types of ICs, 
having a versatile tool platform and process chambers can 
also be an important consideration in equipment selection. 

• 300-mm-diameter wafer manufacturing 
The most significant challenge for today's equipment and 
IC manufacturers is the transition from 200-mm- to 300-
mm-diameter wafer processing [220]. The International 
300-mm Initiative (I300I) and Japan 300-mm 
Semiconductor Technology Conference (J300) have 
formulated a set of factory guidelines for process, 
metrology, and test equipment [221]. In general, the issues 
regarding 300-mm-diameter-wafer plasma deposition 
processing are the same for all IC processes. The scaling 
up of process, metrology, and test equipment to 300 mm is 
of course challenging by itself and has been successfully 
demonstrated by a number of equipment vendors. But it is 
recognized that real-time measurements, in situ sensors, 
and real-time closed-loop control, as well as a capability to 
obtain process, metrology, and test information, are critical 
[129, 130]. IC manufacturers must be able to correlate 
final test yield and performance to specific chips, 
processes, and equipment [222]. Ideally, process, 
metrology, and test equipment should maintain the 
integrity of the wafer order or wafer identification and 
catalog the process, measurement, and test data for each 

wafer at each step of wafer processing. In addition, it is 
expected that 300-mm-diameter-wafer factories will use 
some type of mini-environment to control contamination 
levels in their clean rooms [223]. This sophisticated 
level of factory design and operation is unprecedented, 
making cooperation between industry IC and equipment 
manufacturers and conformance to standards set forth by 
I300I/J300 imperative. 

Concluding remarks 
We have reviewed the plasma-assisted CVD of dielectric 
films, with an emphasis on aspects relevant to ULSI 
semiconductor circuits. In addition, we have indicated that 
manufacturing needs must be considered early in the 
process and tool development phase. Obviously, the 
ultimate goal is to optimize a plasma CVD process for a 
particular application at the lowest cost of ownership. 
Future research and development must focus not only 
on specific technical issues that arise with each new IC 
generation (such as integration of a stable low-A: IMD 
into the BEOL), but also on manufacturability and cost. 
With 300-mm-diameter wafers containing sub-0.25-/iim 
semiconductor IC circuits on the horizon, the technical 
and manufacturing issues are daunting; new challenges are 
presented to both the semiconductor manufacturers and 
their equipment suppliers, even for the conventional 
processes used in IC production. 

Acknowledgments 
We would like to acknowledge the many contributions, 
past and present, of our colleagues at IBM 
Microelectronics, the Siemens Corporation, and the 
Toshiba Corporation. In particular, we would like to thank 
T. Sullivan for HDP CVD metal reliability test results 
and analysis; M. Kirchhoff, M. Hauf, M. Levy, and 
W. Cote for their contributions to the nitride and 
oxynitride barrier studies; and D. Dobuzinsky, S. 
Pennington, J. Chapple-Sokol, T. McDevitt, T. Hartswick, 
and L. Serianni for their technical contributions to this 
paper. We acknowledge the engineering, device 
fabrication, test, characterization, and SEM analysis 
support from the IBM Advanced Semiconductor 

D. R. COTE ET AL. IBM J. RES. DEVELOP. VOL. 43 NO. 1/2 JANUARY/MARCH 1999 



Technology Center (ASTC) in Hopewell Junction, New 

York, and the IBM Burlington Manufacturing Facility in 

Essex Junction, Vermont. We appreciate discussions and 

encouragement from the following individuals: W. Davies, 

R. Schutz, S. Luce, K. Kimmel, A. Ting, A. Sekiguchi, J. 

Ryan, J. Slattery, R. Izor, B. Humphrey, and C. Narayan. 

The graphics design of Figure 22 was provided by T. 

Rednour of IBM East Fishkill, New York, The authors 

gratefully acknowledge the phosphorus-doped H D P CVD 

support provided by G. Papasouliotis and P. van Clcemput 

of Novellas Systems, Inc. 

References 
1. S. V. Nguyen, "Plasma-Assisted Chemical Vapor 

Deposition," Handbook of Thin-Film Deposition Processes 
and Tecliniques, Klaus K. Schuegraf, Ed., Noyes 
Publications, Park Ridge, NJ, 1988, pp. 112-141. 

2. G. S. Anderson, "Sputtering of Dielectrics by High-
Frequency Fields," J. Appl. Phys. 33, No. 10, 2991-2992 
(1962). 

3. L. L. Atl, S. W. Ing, Jr., and K. W. Laendle, "Low-
Temperature Deposition of Silicon Oxide Films," 
J. Electrochem. Soc. 110, 465 (1963). 

4. S. W. Ing, Jr. and W. Davern, "Use of Low-Temperature 
Deposited Silicon Oxide Films as Diffusion Masks in 
GaAs,"/ . Electrochem. Soc. I l l , 120-122 (1964). 

5. A. R. Reinbergh, "Plasma Deposition of Inorganic Thin 
Films," >lnn. Rev. Mater. Sci. 9, 341-372 (1979). 

6. A. R. Reinbergh, "RF Plasma Deposition of Inorganic 
Films for Semiconductor Applications," Electrochem. Soc. 
Ext. Abstr., No. 6, pp. 19-21, Spring 1974 Meeting, San 
Francisco. 

7. Plasma CVD papers in Proceedings of the Fourteenth 
International VLSI Multilevel Interconnection Conference 
(VMIC), 1997. 

8. Plasma CVD papers in Proceedings of the Third 
International Dielectrics for ULSI Multilevel 
Interconnection Conference (DUMIC), 1997. 

9. Plasma CVD papers in "Characterization of Plasma 
Enhanced CVD Processes," G. Lucovsky, D. E. Ibbotson, 
and D. W. Hess, Eds., Mater Res. Soc. Symp. Proc. 165 
(1989). 

10. Plasma CVD papers in Symposium Proceedings Vols. I-IV 
of the 13th International Symposium in Plasma Chemistry, 
C. K. Wu, Ed., 1997. 

11. Papers in Proceedings of the International Symposium in 
Plasma Chemistry: 6th in Montreal, Canada (1983), 7th 
in Eindhoven, Netherlands (1985), 8th in Tokyo, Japan 
(1987), 9th in Pugnochiuso, Italy (1989), 10th in 
Bochum, Germany (1991), 11th in Loughborough, 
England (1993), and 12th in Minneapolis, MN (1995), 
and references therein. Published by the International 
Union of Pure and Applied Chemistry Subcommittee in 
Plasma Chemistry. 

12. D. E. Carlson, C. W. Magee, and A. R. Triano, "The 
Effect of Hydrogen Content on the Photovoltaic 
Properties of Amorphous Silicon," J. Electrochem. Soc: 
Solid-state Sci. Technol. 126, No. 4, 688-691 (1979). 

13. Color Hard Copy and Graphic Arts II, Proc. SPIE 1912 
(1993). 

14. W. C. O'Mara, Liquid Crystal Flat Panel Displays, 
Manufacturing Science and Technology, Van Nostrand 
Reinhold, New York, 1993. 

15. S. Sherman, S. Wagner, J. Mucha, and R. A. Gottscho, 
"Substrate Effect on Plasma-Enhanced Chemical Vapor 
Deposited Silicon Nitride," /. Electrochem. Soc. 144, No. 
9, 3198-3204 (1997). 

16. J. Hautala, Z. Saleh, J. F. M. Westendrop, H. Meiling, S. 
Sherman, and S. Wagner, "High Deposition Rate fl-Si:H 
for the Flat Panel Display Industry," Proceedings of the 
Flat Panel Display Materials II Symposium, San Francisco, 
April 8-12, 1996, pp. 9-18. 

17. Handbook of Thin-Film Deposition Processes and 
Techniques; Klaus K. Schuegraf, Ed., Noyes Publications, 
Park Ridge, NJ, 1988. 

18. Handbook of Plasma Processing Techniques; S. M. 
Rossnagel, J. J. Cuomo, and W. D. Westwood, Eds., 
Noyes Publications, Park Ridge, NJ, 1988. 

19. H. Randhawa, "Review of Plasma-Assisted Chemical 
Vapor Deposition Processes," Thin Solid Films 196, 
329-349 (1991). 

20. J. A. Thornton, "Plasma-Assisted Deposition Processes: 
Theory, Mechanisms and Applications," Thin Solid Films 
107, 3-19 (1983). 

21. A. T. Bell, "Abstract: Fundamentals of Plasma 
Chemistry,"/. Vac. Sci. Technol. 16, No. 2, 418-419 
(1979). 

22. R. F. Bunshah, "Critical Issues in Plasma-Assisted Vapor 
Deposition Processes," IEEE Trans. Plasma Sci. 18, 
846-854 (1990) and references therein. 

23. A. Sherman, "Plasma-Assisted Chemical Vapor 
Deposition Processes and Their Semiconductor 
Applications," Thin Solid Films 113, 135-149 (1984). 

24. S. V. Nguyen, "Plasma Assisted Chemical Vapor 
Deposited Thin Films for Microelectronic Applications," 
/. Vac. Sci. Technol. B 4, No. 5, 1159-1167 (1986) and 
references therein. 

25. C. Bencher, C. Ngai, B. Roman, S. Lian, and T. Vuong, 
"Dielectric Antireflective Coatings for DUV 
Lithography," Solid State Technol. 40, No. 3, 109-114 
(1997) and references therein. 

26. S. V. Nguyen, "High-Density Plasma Chemical Vapor 
Deposition of Silicon-Based Dielectric Films for 
Integrated Circuits," IBM J. Res. Develop. 43, No. 1/2, 
109-126 (1999, this issue). 

27. L. A. Miller and A. K. Stamper, "Passivation Effects on 
the Stress Migration and Electromigration Performance 
of Ti-AICu-TiN Metallurgy," Proceedings of the Twelfth 
International VMIC, 1995, pp. 369-375. 

28. B. L. Chin and E. P. van de Ven, "Plasma TEOS for 
Interlayer Dielectric Applications," Solid State Technol. 
31, 119-122 (1988). 

29. D. R. Cote, S. V. Nguyen, W. J. Cote, S. L. Pennington, 
A. K. Stamper, and D. V. Podlesnik, "Low-Temperature 
Chemical Vapor Deposition Processes and Dielectrics for 
Microelectronic Circuit Manufacturing at IBM," IBM J. 
Res. Develop. 39, No. 4, 437-464 (1995). 

30. D. Cote, A. Antreasyan, D. Podlesnik, and A. LeBlanc, 
"PECVD Process-Induced Gate Oxide Degradation in 
64-MB DRAM," Abstracts of the International Conference 
on Metallurgical Coatings and Thin Films, American 
Vacuum Society, 1995, Abstract No. H2.04, p. A-257. 

31. D. Cote, S. Nguyen, V. McGahay, C. Waskiewicz, S. 
Chang, A. Stamper, P. Weigand, N. Shoda, and T. 
Matsuda, "Process-Induced Gate Oxide Damage Issues 
in Advanced Plasma Chemical Vapor Deposition 
Processes," Proceedings of the First International 
Symposium on Plasma Process-Induced Damage, Santa 
Clara, CA, 1996, pp. 61-66. 

32. A. K. Stamper, J. B. Lasky, and J. W. Adkisson, 
"Plasma-Induced Gate Oxide Charging Issues for 
Sub-0.5 /j,m CMOS Technologies," ./. Vac. Sci. Technol. A 
13, 905-911 (1995). 

33. J. A. O'Neill, C. J. Waskiewicz, and D. Cote, "Effect of 
Temperature on Plasma-Induced Charge Damage in 
PECVD Processes," Abstracts of the 43rd American 
Vacuum Society Symposium, 1996, Abstract No. 
PS2-MoMll, p. 13. 31 

IBM J. RES. DEVELOP. VOL. 43 NO. 1/2 JANUARY/MARCH 1999 D. R. COTE ET AL. 



32 

34. M. S. Fung, "Monitoring PSG Plasma Damage with 
COS," Semicond. Int. 20, 211-221 (1997). 

35. G. T. Chetney and L. H. Holschwander, "Protection of 
SiOj from Sodium Contamination with Phosphosilicate 
Glass," International Electron Devices Meeting (lEDM) 
Technical Survey—40th Anniversary Commemorative 
Edition, 1965, p. 99. 

36. E. Yon, W. H. Ko, and A. B. Kuper, "Sodium 
Distribution in Thermal Oxide on Silicon by 
Radiochemical and MOS Analysis," IEEE Trans. Electron 
Devices ED-13, 276-280 (1966). 

37. N. Ikegami, N. Ozawa, Y. Miyakawa, and J. Kanamori, 
"Mechanisms of High PSG/SiO, Selective Etching in a 
Highly Polymerized Fluorocarbon Plasma," Jpn. J. Appl. 
Phys. 30, 1556-1561 (1991). 

38. C. H. Ting, "Dielectric Planarization Process for ULSl," 
Proceedings of the Electrochemical Society, Spring 1991 
Meeting, Washington, DC, pp. 592-605 and references 
therein. 

39. P. Elkins, K. Reinhardt, and R. Tang, "A Planarization 
Process for Double Metal CMOS Using Spin-on-Glass as 
a Sacrificial Layer," Proceedings of the Third International 
VMIC, 1986, pp. 100-106 and references therein. 

40. A. Rey, D. Lafond, J. M. Mirabel, M. C. Tacussel, and 
M. F. Coster, "A Double Level Aluminum 
Interconnection Technology with Spin on Glass Based 
Insulator," Proceedings of the Third International VMIC, 
1986, pp. 491-499. 

4L A. C. Adams and C. D. Capio, "Planarization of 
Phosphorus-Doped Silicon Oxide," I. Electrochem. Soc. 
128, 423-429 (1981). 

42. H. Fritzche, V. Grewal, and W. Henkel, "An Improved 
Etch-Back Process for Multilevel Metallization and Its 
Reliability Results for CMOS Devices," Proceedings of 
the Third International VMIC, 1986, pp. 45-51 and 
references therein. 

43. B. Neureither, F. Binder, B. Fischer, Z. Gabric, 
K. Koller, and S. Rohl, "Resist Etch Back as a 
Manufacturable Low Cost Alternative to CMP," 
Proceedings of the Eleventh International VMIC, 1994, 
pp. 151-157. 

44. C. W. Kaanta, S. G. Bombardier, W. J. Cote, W. R. Hill, 
G. Kerszykowski, H. S. Landis, D. J. Poindexter, C. W. 
Pollard, G. H. Ross, J. G. Ryan, S. Wolff, and J. E. 
Cronin, "Dual Damascene: A ULSI Wiring Technology," 
Proceedings of the Eighth International VMIC, 1991, pp. 
144-152. 

45. B. Luther, J. F. White, C. Uzoh, T. Cacouris, 
J. Hummel, W. Guthrie, N. Lustig, S. Greco, N. Greco, 
S. Zuhoski, P. Agnello, E. Colgan, S. Mathad, L. Saraf, 
E. J. Weitzman, C. K. Hu, F. Kaufman, M. Jaso, L. P. 
Buchwalter, S. Reynolds, C. Smart, D. Edelstein, 
E. Baran, S. Cohen, C. M. Knoedler, J. Malinowski, 
J. Horkans, H. Deligianni, J. Harper, P. C. Andricacos, 
J. Paraszczak, D. J. Pearson, and M. Small, "Planar 
Copper-Polyimide Back End of the Line 
Interconnections for ULSI Devices," Proceedings of the 
Tenth International VMIC, 1993, pp. 15-21. 

46. D. Davari, C. W. Koburger, R. Schuiz, J. D. Warnock, 
T. Furukawa, M. Jost, Y. Taur, W. G. Schwittek, J. K. 
DeBrosse, M. L. Kerbaugh, and J. L. Mauer, "A New 
Planarization Technique, Using a Combination of RIE 
and Chemical Mechanical Polish (CMP)," lEDM 
Tech. Digest, pp. 61-64 (1989). 

47. R. C. Iggulden, S. J. Weber, R. F. Schnabel, L. A. 
Clevenger, E. A. Mehter, M. Hoinkis, M. G. M. Harris, 
D. C. Butler, and P. Rich, "The Demonstration of a 0.25 
Micron Dual Damascene Metallization Scheme Using 
Forcefill," Proceedings of the Fourteenth International 
VMIC, 1997, pp. 49-54. 

48. S. P. Murarka, "Low Dielectric Constant Materials for 
Interlayer Dielectrics," Solid State Technol. 39, No. 3, 
83-90 (1996) and references therein. 

49. A. K. Stamper, V. McGahay, and J. P. Hummel, 
"Intermetal Dielectric Development Outlook," 
Proceedings of the 191st Meeting of the Electrochemical 
Society, Montreal, Canada, May 4, 1997, Second 
International Symposium on Low and High Dielectric 
Constant Material: Material Science, Processing, and 
Reliability Issues, H. S. Rathore, R. Singa, R. P. S. 
Thakur, and S. C. Sun, Dielectric Science and 
Technology Division, Eds., 97-8, 1998, p. 1. 

50. R. K. Laxman, "Low e Dielectrics: CVD Fluorinated 
Silicon Dioxides," Semicond. Int., pp. 71-74 (May 1995). 

51. Papers in Proceedings of the MRS Symposium on Low-
Dielectric Constant Materials II, Boston, December 2-3, 
1996, A. Lagendijk, H. Treichel, K. J. Uram, and A. C. 
Jones, Eds., pp. 3-200. 

52. T. Fujii, T. Yokoi, M. Hiramatsu, M. Nawata, M. Hori, 
T. Goto, and S. Hattori, "Low Dielectric Constant Film 
Formation by Oxygen-Radical Polymerization of Laser-
Evaporated Siloxane," /. Vac. Sci. Technol. B 15, No. 3, 
746-749 (1997). 

53. A. S. Harrus, M. A. Piano, D. Kumar, and J. Kelly, 
"Parylene AF-4: A Low Material Candidate for ULSI 
Multilevel Interconnect Applications," Proceedings of the 
MRS Symposium on Low-Dielectric Constant Materials II, 
Boston, December 2-3, 1996, pp. 21-33. 

54. G. A. Dixit, K. J. Taylor, A. Singh, C. K. Lee, G. B. 
Shinn, A. Konecni, W. Y. Hsu, K. Brennan, Mi-Chang 
Chang, and R. H. Havemann, "An Integrated Low 
Resistance Aluminum Plug and Low-/; Polymer 
Dielectric for High Performance 0.25/:im Interconnects," 
Symposium on VLSI Technology, Digest of Technical 
Papers, 1996, pp. 86-87. 

55. T. Ramos, K. Roderick, R. Roth, S. Wallace, 
N. Hendricks, N. Rutherford, J. Drage, S. Q. Wang, 
and D. M. Smith, "Nanoporous Silica for ULSI 
Applications," Proceedings of the Third International 
DUMIC, 1997, pp. 106-113. 

56. T. Ramos, K. Roderick, A. Maskara, and D. M. Smith, 
"Nanoporous Silica for Low k Dielectrics," Proceedings 
of the MRS Symposium on Low-Dielectric Constant 
Materials II, Boston, December 2-3, 1996, pp. 91-98. 

57. C. Jin, S. List, S. Yamanaka, W. W. Lee, K. Taylor, 
W.-Y. Hsu, L. Olsen, J. D. Luttmer, and R. Havemann, 
"Deposition and Characterization of Porous Silica 
Xerogel Films," Proceedings of the MRS Symposium on 
Low-Dielectric Constant Materials II, Boston, December 
2-3, 1996, pp. 99-104. 

58. A. Grill, V. Patel, K. L. Saenger, C. Jahnes, S. A. Cohen, 
A. G. Schrott, D. Edelstein, and J. R. Paraszczak, 
"Diamondlike Carbon Materials as Low-A; Dielectrics for 
Multilevel Interconnects in ULSI," Proceedings of the 
MRS Symposium on Low-Dielectric Constant Materials II, 
Boston, December 2-3, 1996, pp. 155-164. 

59. Y. Matsubara, K. Endo, T. Tatsumi, H. Ueno, K. Sugai, 
and T. Horiuchi, "Low-/c Fluorinated Amorphous Carbon 
Interlayer Technology for Quarter Micron Devices," 
lEDM Tech. Digest, pp. 369-372 (1996). 

60. A. Grill and V. Patel, "Controlling Properties of DEC: 
Effects of Pressure and Precursor Dilution," Proceedings 
of the 3rd International Conference on the Applications of 
Diamond Films and Related Materials, 1995, pp. 21-24. 

61. K. Endo and T. Tatsumi, "Amorphous Carbon Thin 
Films Containing Benzene Rings for Use as Low-
Dielectric-Constant Interlayer Dielectrics," Appl. Phys. 
Lett. 70, No. 19, 2616-2618 (1997). 

62. P. S. Andry, P. W. Pastel, and W. J. Varhue, 
"Comparison of Diamond-Like Carbon Film Deposition 

D. R. COTE ET AL. IBM J. RES. DEVELOP. VOL. 43 NO. 1/2 JANUARY/MARCH 1999 



by Electron Cyclotron Resonance with Benzene and 
Methane,"/ , Mater. Res. 11, No. 1, 221-228 (1996). 

63. L. H. Chou and W. T. Hsieh, "Effects of Argon Ion 
Bombardment on the Microstructures and Electrical 
Conductivities of Hydrogenated Amorphous Carbon 
Films Prepared by Plasma-Enhanced Chemical Vapor 
Deposition," /. Appl. Phys. 75, No. 4, 2257-2263 (1994). 

64. S. P. Murarka, "Multilevel Interconnections for ULSI and 
GSI Era," Mater. Sci. Eng. R19, No. 3-4, 87-151 (1997). 

65. N. H. Hendricks, "Low Dielectric Constant Materials for 
IC Intermetal Dielectric Applications: A Status Report 
on Leading Candidates," Proceedings of the MRS 
Symposium on Low-Dielectric Constant Materials II, 
Boston, December 2-3, 1996, pp. 3-14. 

66. P. Singer, "Low /c-Dielectric: The Search Continues," 
Semicond. Int., pp. 88-96 (May 1996) and "Copper 
Opportunities and Challenges Review at SRC 
Workshop," Semicond. Int., pp. 50-55 (October 1993). 

67. A. Grill, "Plasma-Deposited Diamondlike Carbon and 
Related Materials," IBM J. Res. Develop. 43, No. 1/2, 
147-161 (1999, this issue). 

68. G. Lucovsky, "Preparation of Device-Quality SiO^ Thin 
Films by Remote Plasma-Enhanced Chemical Vapour 
Deposition (PECVD): Applications in Metal-Oxide-
Semiconductor (MOS) Devices," Adv. Mater. Opt. 
Electron. 6, 55-72 (1996) and references therein. 

69. J. Batey and E. Tierney, "Low-Temperature Deposition 
of High Quality Silicon Dioxide by Plasma-Enhanced 
Chemical Vapor Deposition," /. Appl. Phys. 60, No. 9, 
3136-3145 (1986). 

70. G. Turban, "Basic Phenomena in Reactive Low Pressure 
Plasmas Used for Deposition and Etching," Pure & Appl. 
Chem. 56, No. 2, 215-230 (1984). 

71. H. F. Winter, Topics in Current Chemistry: Plasma 
Chemistry III, S. Verpek and M. Venugopulan, Eds., 
Springer-Verlag, Berlin, 1980, pp. 65-112. 

72. G. Carter and G. S. Calligan, Ion Bombardment of Solids, 
American Elsevier, New York, 1969. 

73. J. R. HoUahan and A. T. Bell, Techniques and 
Applications of Plasma Chemistry, John Wiley & Sons, 
New York, 1974. 

74. S. V. Nguyen, D. Dobuzinsky, D. Dopp, M. Gleason, 
R. Gibson, and S. Fridmann, "Plasma-Assisted Chemical 
Vapor Deposition of High Quality Silicon Oxide Films," 
Thin Solid Films 193/194, 595-609 (1990). 

75. S. V. Nguyen, "Plasma Deposition of Silicon Nitride 
and Silicon Oxynitride Using Inert Carrier Gases as 
Transport Agents," Proceedings of the Electrochemical 
Society Spring 1983 Meeting, San Francisco, pp. 453-460. 

76. A. A. Bright, "Helium Plasma Enhanced Chemical 
Vapor Deposited Oxides and Nitrides: Process 
Mechanism and Applications in Advanced Device 
Structures," /. Vac. Sci. Technol. A 9, No. 3, 1088-1093 
(1991). 

77. D. V. Tsu, G. N. Parsons, and G. Lucovsky, 
"Spectroscopic Emission Studies of O^/He and N^/He 
Plasmas in Remote Plasma Enhanced Chemical Vapor 
Deposition," J. Vac. Sci. Technol. A 6, No. 3, 1849-1854 
(1988). 

78. J. D. Chapple-Sokol, W. A. Pliskin, R. A. Conti, 
E. Tierney, and J. Batey, "Energy Considerations in the 
Deposition of High-Quality Plasma-Enhanced CVD 
Silicon Dioxide," /. Electrochem. Soc. 138, No. 12, 
3723-3726 (1991). 

79. R. Winkler, M. Capitelli, C. Gorse, and J. Wilhelm, 
"Electron Kinetics in a Collision-Dominated SiH^ rf 
Plasma Including Self-Consistent rf Field Strength 
Calculation," Plasma Chem. Plasma Process. 10, No. 3, 
419-442 (1990). 

80. H. Dun, P. Pan, F. R. White, and R. W. Douse, 
"Mechanisms of Plasma-Enhanced Silicon Nitride 

Deposition Using SiH^/N, Mixture," / Electrochem. Soc. 
128, No. 7, 1555-1563 (1981). 

81. W. A. P. Claassen, "Ion Bombardment-Induced 
Mechanical Stress in Plasma-Enhanced Deposited Silicon 
Nitride and Silicon Oxynitride Films," Plasma Chem. 
Plasma Process. 7, No. 1, 109-124 (1987). 

82. A. Yuuki, Y. Matsui, and K. Tachibani, "A Study of 
Radical Fluxes in Silane Plasma CVD from Trench 
Coverage Analysis," Jpn. J. Appl. Phys. 28, No. 2, 
212-218 (1989). 

83. S. Miyazaki, Y. Kiriki, Y. Inoue, and M. Hirose, 
"Radical- and Ion-Induced Reactions on Plasma-
Deposited Silicon Surfaces," Ipn. J. Appl. Phys. 30, 
No. 7, 1539-1544 (1991). 

84. C.-P. Chang, C. S. Pai, and J. J. Hsieh, "Ion and 
Chemical Radical Effects on the Step Coverage 
of Plasma Enhanced Vapor Deposition 
Tetraethylorthosilicate Films," I. Appl. Phys. 67, 
No. 4, 2119-2126 (1990). 

85. E. R. Mosburg, Jr., R. C. Kerns, and J. R. Abelson, 
"Use of Electric Probes in Silane Radio Frequency 
Discharges," / Appl Phys. 54, No. 9, 4916-4927 (1983). 

86. F. J. Kampas, "Chemical Reactions in Plasma 
Deposition," Semiconductors and Semimetals, Vol. 21A, 
J. I. Pankove, Ed., Academic Press, Inc., New York, 
1984, Ch. 8. 

87. D. Mataras, S. Cavadias, and D. Rapakoulias, "Spatial 
Profiles of Reactive Intermediates in RF Silane 
Discharges,"/. Appl. Phys. 66, No. 1, 119-124 (1989). 

88. N. Itabashi, N. Nishiwaki, M. Magane, S. Naito, T, Goto, 
A. Matsuda, C. Yamada, and E. Hirota, "Spatial 
Distribution of SiH^ Radicals in RF Silane Plasma," 
Jpn. J. Appl. Phys. 29, No. 3, L.505-L.507 (1990). 

89. H. A. Weakliem, "Diagnostics of Silane Glow Discharges 
Using Probes and Mass Spectroscopy," Semiconductors 
and Semimetals, Vol. 21A, J. I. Pankove, Ed., Academic 
Press, Inc., New York, 1984, Ch. 10. 

90. N. Hata, A. Matsuda, and K. Tanaka, "Neutral Radical 
Detection in Silane Glow-Discharge Plasma Using 
Coherent Anti-Stokes Raman Spectroscopy," J. Non-
Cryst. Solids 59-60, 667-670 (1983). 

91. S. M. Han and E. S. Aydil, "Plasma and Surface 
Diagnostics During Plasma-Enhanced Chemical Vapor 
Deposition of SiO^ from SiH^/0,/Ar Discharges," Thin 
Solid Films 290-291, 427-434 (1996). 

92. R. Robertson and A. Gallager, "Mono- and Disilicon 
Radicals in Silane and Silane-Argon DC Discharges," 
/. Appl. Phys. 59, No. 10, 3402-3411 (1986). 

93. A. Matsuda and K. Tanaka, "Investigation of the Growth 
Kinetics of Glow-Discharge Hydrogenated Amorphous 
Silicon Using a Radical Separation Technique," /. Appl. 
Phys. 60, No. 7, 2351-2356 (1986). 

94. P. A. Longeway, R. D, Estes, and H. A. Weakliem, 
"Deposition Kinetics of a Static Direct Current Silane 
Glow Discharge,"/. Phys. Chem. 88, 73-77 (1984). 

95. M. Heintze and S. Veprek, "Role of Higher Silanes in 
the Plasma-Induced Deposition of Amorphous Silicon 
from Silane," ^pp/. Phys. Lett. 54, No. 14, 1320-1322 
(1989). 

96. S. Meikle, Y. Nakanishi, and Y. Hatanaka, "The Role of 
Hydrogen Atoms in Afterglow Deposition of Silicon Thin 
Films," Jpn. J. Appl. Phys. 29, No. 11, L2130-L2132 
(1990). 

97. A. Gallager, "Neutral Radical Deposition from Silane 
Discharges,"/ Appl. Phys. 63, No. 7, 2406-2413 (1988). 

98. S. Veprek and M. G. J. Veprek-Heijman, "Possible 
Contribution of SiH, and SiH^ in the Plasma-Induced 
Deposition of Amorphous Silicon from Silane," Appl. 
Phys. Lett. 56, No. 18, 1766-1768 (1990). 

99. S. Veprek, F.-A. Sarott, S. Rambert, and E. Taglauer, 
"Surface Hydrogen Content and Passivation of Silicon 33 

IBM J. RES. DEVELOP. VOL. 43 NO. 1/2 JANUARY/MARCH 1999 D. R. COTE ET AL. 



34 

Deposited by Plasma Induced Chemical Vapor 
Deposition from Silane and the Implications for the 
Reaction Mechanism," J. Vac. Sci. Technol. A 7, No. 4, 
2614-2624 (1990). 

100. J. N. Chiang and D. W. Hess, "Mechanistic 
Considerations in the Plasma Deposition of Silicon 
Nitride Films," / Electrochem. Soc. 137, No. 7, 
2222-2226 (1989). 

101. D. L. Smith, A. S. Alimonda, C.-C. Chen, S. E. Ready, 
and B. Wacker, "Mechanism of SiN^H, Deposition from 
NHj-SiH^ Plasma," /. Electrochem. 'Soc. 137, No. 2, 
614-623 (1990). 

102. D. L. Smith, A. S. Alimonda, and F. J. von Preissig, 
"Mechanism of SiN^H, Deposition from N^-SiH^ 
Plasma," /. Vac. Set. fechnol. B 8, No. 3, 551-557 (1990). 

103. S. Meikle and Y. Hatanaka, "Pressure-Dependent 
Transition in the Mechanism of Remote Plasma SiN 
Deposition," ^pp/. Phy.f. Lett. 57, No. 8, 762-764 (1990). 

104. F. H. P. M. Habraken and A. E. T. Kuiper, "Silicon 
Nitride and Oxynitride Films," Mater. Sci. Eng. R12, 
No. 3, 123-175 (1994) and references therein. 

105. D. L. Smith and A. S. Chuang, "Chemistry of SiO^ 
Deposit ion,"/ Electrochem. Soc. 140, No. 5, 1496-1503 
(1993). 

106. G. B. Raupp, T. S. Cale, and H. P. W. Hey, "The 
Role of Oxygen Excitation and Loss in Plasma-
Enhanced Deposition of Silicon Dioxide from 
Tetraethylorthosilicate," /. Vac. Sci. Technol. B 10, 
No. 1, 37-45 (1992). 

107. N. Selamoglu, i. A. Mucha, D. E. Ibottson, and 
D. L. Flamm, "Silicon Oxide Deposition from 
Tetraethoxysilane in a Radio Frequency Downstream 
Reactor: Mechanisms and Step Coverage," /. Vac. Sci. 
Technol. B 7, No. 6, 1345-1351 (1989). 

108. T. S. Cale and V. Mahadev, "Feature Scale Transport 
and Reaction During Low-Pressure Deposition Processes," 
"Modeling of Film Deposition for Microelectronics 
Applications," Thin Films, Vol. 22, S. Rossnagel and 
A. Ulman, Eds., Academic Press, Inc., New York, 1996, 
pp. 175-276 and references therein. 

109. C. Y. Chang, J. P. McVittie, J. Li, K. C. Saraswat, S. E. 
Lassig, and J. Dong, "Profile Simulation of Plasma 
Enhanced and ECR Oxide Deposition with Sputtering," 
lEDM Tech. Digest, pp. 853-856 (1993). 

110. J. T. C. Lee, "A Comparison of HDP Sources for 
Polysilicon Etching," Solid State Technol. 39, No. 8, 63-69 
(1996). 

111. E. Korczynski, "HDP-CVD: Trying to Lasso Lightning," 
Solid State Technol. 39, No. 4, 63-73 (1996). 

112. R. B. Fair, "Challenges to Manufacturing Sub-Micron, 
Ultra-Large Scale Integrated Circuits," Proc. IEEE 78, 
No. 11, 1687-1705 (1990). 

113. Papers from the Second High Density Plasma Workshop, 
San Francisco, August 3-4, 1993; /. Vac. Sci. Technol. B 
12, 441-511 (1994) and references therein. 

114. B. Fowler and E. O'Brien, "Relationships Between the 
Material Properties of Silicon Dioxide Deposited by 
ECR CVD and Their Use as an Indicator of the 
Dielectric Constants," / Vac. Sci. Technol. B 12, 441-448 
(1994). 

115. A. Bose, M. M. Garver, and R. A. Spencer, "Advanced 
Inter-Metal Dielectric Deposition—A Comparative 
Analysis Between ECR-CVD and O^/TEOS," 
Proceedings of the Tenth International VMIC, 1993, 
pp. 88-95. 

116. K. Machida, N. Shimoyama, J. Takahashi, Y. Takahashi, 
E. Aral, and N. Yabumoto, "Water-Blocking Mechanism 
of Electron Cyclotron Resonance Plasma-SiOj," 
Proceedings of the Tenth International VMIC, 1993, 
pp. 103-109. 

117. S. Lassig and J. Tucker, "Electrocyclotron Resonance 
CVD Lam Epic System," Lam Research Technical Library 
TL-019, March 1993, and Lam Research Thin Film 
Interface 4, No. 3, 3 (August 1993). 

118. S. V. Nguyen and K. Albaugh, "The Characterization of 
Electron Cyclotron Resonance Plasma Deposited Silicon 
Nitride and Silicon Oxide Films," J. Electrochem. Soc. 
136, 2835-2840 (1989). 

119. J. Xie, D. Stark, S. Akbar, P. Aum, D. Chan, and L. Ta, 
"Study of ECR Plasma ILD Process Induced Device 
Damage Using 0.5 /xm MOS Transistors with Capacitive 
or Inductive Antenna Structures," Proceedings of the 
Tenth International VMIC, 1993, pp. 237-243. 

120. C. Charles, G. Giroult-Matlakowski, R. W. Boswell, 
A. Goullett, G. Turban, and C. Cardinaud, 
"Characterization of Silicon Dioxide Films Deposited at 
Low Pressure and Temperature in a Helicon Diffusion 
Reactor," /. Vac. Sci. Technol. A 11, 2954-2963 (1993). 

121. G. Giroult-Matlakowski, C. Charles, A. Durandet, R. W. 
Boswell, S. Armand, H. M. Persing, A. J. Perry, P. D. 
Lloyd, S. R. Hyde, and D. Bogsanyi, "Deposition of 
Silicon Dioxide Films Using the Helicon Diffusion 
Reactor for Integrated Optics Applications," /. Vac. Sci. 
Technol. A 12, No. 5, 2754-2761 (1994). 

122. T. W. Mountsier, A. M. Schoepp, and E. van de Ven, "A 
New High Density Plasma Source for Dielectric Gap Fill 
Applications," Proceedings of the Electrochemical Society, 
Fall 1994, Miami Beach, Abstract No. 485, pp. 770-771. 

123. S. V. Nguyen, G. Freeman, D. Dobuzinsky, K. Kelleher, 
R. Nowak, T. Sahin, and D. Witty, "Characterization of 
High Density Plasma Deposited Silicon Oxide Dielectric 
for 0.25 /.im ULSI," Proceedings of the Twelfth 
International VMIC, 1995, pp. 69-75. 

124. M. A. Lieberman and R. A. Gottscho, "Design of High 
Density Plasma Source," Physics of Thin Films: Plasma 
Sources for Thin Film Deposition and Etching, Vol. 18, 
M. H. Francombe and J. L. Vossen, Eds., Academic 
Press, Inc., New York, 1994, Ch. 1, pp. 1-119. 

125. High Density Plasma Sources: Design, Physics and 
Performances, O. A. Popov, Ed., Noyes Publications, 
Park Ridge, NJ, 1995. 

126. " 'Equipment Frontiers,' Multi-Chamber Single-Wafer 
CVD System," Solid State Technol. 30, 55-56 (1987); 
D. N. Wang, J. M. White, K. S. Law, C. Leung, S. P. 
Umotoy, K. S. Collins, J. A. Adamik, I. Perlov, and 
D. Mayden, "CVD of Silicon Oxide Using TEOS 
Decomposition and In-Situ Planarization Process," 
U.S. Patent 4,872,947, October 26, 1988. 

127. " 'Equipment Frontiers,' Continuous Process CVD 
System," Solid State Technol. 30, 49-50 (1987). 

128. L. J. Arias, Jr., S. C. Selbrede, M. T. Weise, and D. A. 
Carl, "Characterization of a Low Temperature, Low 
Pressure Plasma Enhanced Chemical Vapor Deposition 
Tetraethylorthosihcate Oxide Deposition Process," 
/. Vac. Sci. Technol. A 15, No. 3, 1389-1393 (1997). 

129. R. Iscoff, "In-Situ Deposition Rate Monitoring for Thin 
Films," Semicond. Int., pp. 69-76 (August 1994). 

130. J. R. Mitchell and B. A. KnoUenberg, "New Techniques 
Move In-Situ Particle Monitoring Closer to the Wafer," 
Semicond. Int., pp. 145-154 (September 1996). 

131. V. Singh, "Model-Based Equipment Design for 
Optimized Plasma Processing," Solid State Technol. 40, 
No. 6, 147-152 (1997). 

132. M. A. Drew, M. G. Hanssmann, and D. Camporese, 
"Automation and Control for 300 mm Process Tools," 
Solid State Technol. 40, No. 1, 51-64 (1997). 

133. J. Y. Chen, R. C. Henderson, J. T. Hall, and J. W. 
Peter, Proceedings of the 9th International Conference 
on CVD, McD. Robinson, G. W. Cullen, C. H. J. 
van den Brekel, and J. M. Blocker, Jr., Eds., 84-8, 

D. R. COTE ET AL. IBM J. RES. DEVELOP. VOL. 43 NO. 1/2 JANUARY/MARCH 1999 



The Electrochemical Society, Inc., Pennington, NJ, 1984, 
pp. 243-257 and references therein. 

134. N. Goldsmith and W. Kern, "The Deposition of Vitreous 
Silicon Dioxide Films from Silane," RCA Rev. 28, 151. 
153-165 (1967). 

135. P. Singer, "Making the Move to Dual Damascene 
Processing," Semicond. Int., pp. 79-82 (August 1997). 

136. P. Singer, "The Future of Dielectric CVD: High Density 
Plasmas?" Semicond. Int.. pp. 126-134 (July 1997). ' 152. 

137. P. Weigand, N. Shoda, T, Matsuda, S. Nguyen, J. 
Rzuczek, M. J. Shapiro, T. Jones, and R. Ploessl, 
"HDPCVD Silicon O.xide Deposition: The Effect of 
Sputtering on Film Properties," Proceedings of (he 
Thirteenth International VMIC, 1996. pp. 75-80. 153. 

138. A. Stamper, V. McGahay, T. J. Hartswick, D. R. Cote. 
L. A. Miller, and E. G, Walton, "Tnter-Metal Dielectric 
Gapfill Processes for High Aspect Ratio CMOS 
Technologies," Proceedings of the Thirteenth International 154. 
VMIC, 1996, pp. 617-619. 

139. H. K. Lee, A. K. Stamper, D. Bouldin, T. McDevitt, and 
S. Luce, "A Manufacturable Five-Level Metal Fully 
Planarized 0.35-Micron Generation Back-End-Of-The- 155. 
Line (BEOL) for Logic and SRAM," Proceedings of the 
Fourteenth International VMIC, 1997, pp. 25-30. 

140. Novellas Concept Two High Density Plasma CVD 
Processing Guide, Rev. A, Novellus Systems, Inc., 81 156. 
Vista Montana, San Jose, CA 95134, 1996, pp. 4.6-4.7. 

141. S. Nag, G. A. Dixit, M. K. Jain, K. J. Taylor, S. 
Krishnan, L. M. Ting, J. D. Lutfmer, and R. H. 
Havemann, "Integration of ICP High-Density Plasma 
Inter-Level Dielectric Films into a 0.35 /ytm CMOS Five- 157. 
Level Interconnect System," Proceedings of the Twelfth 
International VMIC, 1995, pp. 24-30. 

142. T. B. Hook, A. Stamper, and D. Armbrust, "Sporadic 
Charging in Interlevel Oxide Deposition in Conventional 
Plasma and HDP Deposition Systems," Proceedings of the 158. 
2nd International Symposium on Plasma Process-Induced 
Damage, American Vacuum Society. May 1997. pp. 
149-152. 

143. C.-K. Hu, K. P. Rodbell, T. D. Sullivan, K. Y. Lee, and 
D. P. Bouldin, "Electromigration and Stress-Induced 159. 
Voiding in Fine Al and Al-Alloy Thin-Film Lines," IBM 
J. Res. Develop 39, No. 4, 465-497 (1995). 

144. P. Weigand, H. Palm, E. W. Kiewra, and S. V. Nguyen, 
"Integration of Dielectrics for 0.25 îm Metallization 
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