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SELECTIVELY CONVERTED INTER-LAYER
DIELECTRIC

BACKGROUND OF THE INVENTION

Low dielectric constant materials are used as interlayer
dielectrics in microelectronic structures, such as semicon-
ductor structures, to reduce the RC delay and improve
device performance. As device sizes continue to shrink, the
dielectric constant of the material between metal lines must
also decrease to maintain the improvement. Certain low-k
materials have been proposed, including various carbon-
containing materials such as organic polymers and carbon-
doped oxides. Although such materials may serve to lower
the dielectric constant, they may offer inferior mechanical
properties such as poor strength and low fracture toughness.
The eventual limit for a dielectric constant is k=1, which is
the value for a vacuum. Methods and structures have been
proposed to incorporate void spaces or “air gaps™ in attempts
to obtain dielectric constants closer to k=1. One major issue
facing low-k void technology is how to remove sacrificial
material to facilitate multi-layer structures. Another major
issue facing low-k void technology is how to facilitate void
creation while providing a structure which can withstand
conventional processing treatments, such as chemical-me-
chanical polishing and thermal treatment, as well as post
processing mechanical and thermo-mechanical rigors.

Accordingly, there is a need for a microelectronic device
structure incorporating air gaps or voids which has low-k
dielectric properties, can be used in multi-layer structures,
and has acceptable mechanical characteristics during and
after processing.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example
and is not limited in the figures of the accompanying
drawings, in which like references indicate similar elements.
Features shown in the drawings are not intended to be drawn
to scale, nor are they intended to be shown in precise
positional relationship.

FIGS. 1A-1E depict cross-sectional views of various
aspects of one embodiment of the present invention incor-
porating a dielectric layer which may be modified using
thermal or chemical treatments.

FIGS. 2A-2E depict cross-sectional views of various
aspects of another embodiment of the present invention
incorporating an additional dielectric layer between the
dielectric layer and the substrate.

DETAILED DESCRIPTION

In the following detailed description of embodiments of
the invention, reference is made to the accompanying draw-
ings in which like references indicate similar elements. The
illustrative embodiments described herein are disclosed in
sufficient detail to enable those skilled in the art to practice
the invention. The following detailed description is therefore
not to be taken in a limiting sense, and the scope of the
invention is defined only by the appended claims.

Referring to FIG. 1A, a substrate layer (100) is shown in
cross section adjacent a first inter-layer dielectric (hereinaf-
ter “ILD”) layer (102). The substrate (100) may be any
surface generated when making an integrated circuit, upon
which a conductive layer may be formed. Substrate (100)
thus may comprise, for example, active and passive devices
that are formed on a silicon wafer, such as transistors,
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capacitors, resistors, diffused junctions, gate electrodes,
local interconnects, etcetera. Substrate (100) may also com-
prise insulating materials (e.g., silicon dioxide, either
undoped or doped with phosphorus or boron and phospho-
rus; silicon nitride; silicon oxynitride; or a polymer) that
separate active and passive devices from the conductive
layer or layers that are formed adjacent them, and may
comprise other previously formed conductive layers.

The first ILD layer (102) is a composite dielectric material
comprising a porous matrix material and a porogen material
deposited together in a single layer as shown, with the
porogen occupying pores defined by the porous matrix. A
distinction is made between a “porous” material having
pores, and a material having “voids”, voids differing from
pores in that voids are substantially unoccupied by solid
material, whereas pores may or may not be so occupied. The
porogen and matrix materials are selected to enable selective
decomposition and removal of the porogen, without signifi-
cant detriment to the matrix material. Such a combination of
properties allows for a controlled conversion between a first
ILD layer which is substantially solid, mechanically rela-
tively robust, and electrically relatively high in capacitance,
to a first ILD layer which may be substantially porous,
mechanically weaker, and lower in capacitance at a desired
point during the structure formation process. In particular,
such a controlled conversion may be executed subsequent to
process treatments where more mechanical robustness is
preferred, such as polishing, trenching, and dielectric layer
formation, as is discussed in further detail below.

The first ILD layer (102) preferably comprises a matrix
material (“matrix”) having pores of relatively uniform size
and distribution within the volume occupied by the first ILD
layer, the pores being substantially interconnected to facili-
tate decomposition and removal of portions of porogen
material residing within the pores defined by the porous
matrix material, to convert the pertinent pores to voids. In
one embodiment porous matrix may comprise silicon diox-
ide or a compound having the molecular structure Si, O, R,
in which R is selected from the group consisting of hydro-
gen, carbon, an aliphatic hydrocarbon and an aromatic
hydrocarbon. When “R” is an alkyl or aryl group, the
resulting composition is often referred to as “carbon-doped
oxide” (“CDO”). When the porous matrix comprises a
carbon-doped oxide, it preferably comprises between about
5 and about 50 atom % carbon. More preferably, such a
compound includes about 15 atom % carbon. A polymeric
material comprising cross-linked poly(phenylene), poly
(arylether), polystyrene, crosslinked polyarylene, polymeth-
ylmethacrylate, aromatic polycarbonate, aromatic polyim-
ide, or silsesquioxanes such as methyl silsesquioxane
(“MSQ”) and/or hydrogen silsesquioxane (“HSQ”) also may
be formed into porous matrix. While single-phase polymers
by themselves generally do will not form interconnected
pores, several preferred techniques are available to do so. In
one embodiment, porogen particles having one dimension
larger than the desired matrix film thickness may be used to
ensure transport channeling across a polymer matrix. In
another embodiment, modifications to the surface chemistry
of a porogen material, or the inherent surface chemistry of
porogen materials such as fumed silica, may produce an
aggregated structure with high interconnectivity of poro-
gens. In another embodiment, a polymer matrix may be
combined with a sufficient amount of porogen such that the
porogen will define pore interconnectivity within a polymer
matrix. It is known, for example, that porogen loading
greater than about 30% by weight percentage is likely to
result in pore interconnectivity.
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In the completed microelectronic structure, it is desirable
to have a first ILD layer (102) comprising a porous matrix
with relatively high porosity. Using porous matrix materials
such as those mentioned herein, combined with structure-
enhancing removable porogens such as those discussed
below, ILD structures having aggregate void volumes,
defined as the sum of the volumes of all pores not occupied
by solid material, preferably greater than 80% of the total
volume of the ILD structure may be successfully formed and
left intact for subsequent device operation. Pores defined by
the matrix may have sizes varying from about 5 angstroms
to about 100 nanometers in average diameter, depending
upon the size of the porogen in most combinations, the term
“average diameter”, conventionally calculated as twice the
cube root of (0.75*actual pore volume/pi), being in refer-
ence to the fact that the pores generally are not perfectly
spherical in shape. To facilitate the formation of other
adjacent layers with substantially uniform surfaces, pores
larger than 10 nanometers in diameter may not be desired.

In one embodiment, the porogen may be selectively
decomposed and removed from the porous matrix of the first
ILD layer on the basis of differences in thermal decompo-
sition temperatures between the porous matrix material and
the porogen. For example, a pairing of a porogen chosen
from the group consisting of branched poly(p-xylene), linear
poly(p-phenylene), linear polybutadiene, and branched
polyethylene, which have thermal decomposition tempera-
tures of about 425-435 degrees C., about 420—430 degrees
C., about 400-410 degrees C., and about 400—410 degrees
C., respectively, and a porous matrix material having a
higher thermal decomposition temperature, suitable candi-
dates comprising cross-linked poly(phenylene), poly
(arylether), aromatic polyimides, and aromatic polycarbon-
ates, each of which has a thermal decomposition temperature
above 440 degrees C., may contribute to selective removal
of a thermally decomposed porogen, or a “porogen decom-
position”, as facilitated, for example, by introduction of an
oxygen or hydrogen rich carrier plasma to carry away, or
remove, the decomposition, as is known to those skilled in
the art as a standard plasma enhanced carrier technique.
Other suitable materials for use as porogens, along with their
respective thermal decomposition temperatures, include but
are not limited to: poly(ethylene terephthalate)
(“PET”)—about 300 degrees C., polyamide-6,6 (“Nylon
6/6”)—about 302 degrees C., syndiotactic polystyrene (“PS-
syn”)—about 320 degrees C., poly(e-caprolactone)—about
325 degrees C., poly(propylene oxide) (“PPO”)—about
325-375 degrees C., polycarbonates—about 325-375
degrees C., poly(phenylene sulfide) (“PPS”)—about 332
degrees C., polyamideimide (“PAI”)—about 343 degrees C.,
polyphthalamide (“PPA”, “Amodel”)—about 350 degrees
C., poly(a-methylstyrene) (“PMS”)—about 350-375
degrees C., poly(ether ether ketone) (“PEEK”)—about 399
degrees C., poly(ether sulfone) (“PES”)—about 400 degrees
C., poly(ether ketone) (“PEK”)—about 405 degrees C. Ther-
mally decomposing a porogen material may be facilitated
using conventional heating equipment, such as a furnace or
oven. Depending upon the materials selected, plasma tools
may be appropriate as well, as would be apparent to one
skilled in the art.

Many of the aforementioned polymeric porogen materials
also may be selectively decomposed without substantial
decomposition of the aforementioned preferred polymeric
porous matrix materials by introducing chemical solvents
and agents, such as propylene glycol monomethyl ether
acetate, a versatile solvent used in many applications, cyclo-
hexanone, a ketone solvent, ketenes such as 1-ene-3-cyclo-
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hexanone, hydrogen peroxide, tert-butyl peroxide, and solu-
tions containing the cerium(IV) ion, to a porogen susceptible
to chemical break-down by the pertinent chemical agents,
and to matrix which preferably is not substantially effected
by such chemical agent exposure. Polymeric porogen mate-
rials may need functionalization with polar groups such as
hydroxy or alkoxy groups for solvent compatibility with the
selected solvent or agent, as is convention to those skilled in
the art. To clarify the simplified terminology used herein as
associated with the thermal or chemical break-down of
sacrificial materials for subsequent removal, references to
“decompositions” and “decomposing” comprise reference to
“dissolving” and “dissolution” as well, or more simply,
“break-down” by thermal or chemical means.

Given the variety of suitable materials, many pairings of
porous matrix and porogen may be successfully paired and
selectively decomposed, depending upon the mode of
decomposition, surrounding materials, and environmental
limitations. Thermal and chemical modalities for facilitating
selective decomposition and removal of porogen materials
are preferred, in part because precise thermal and chemical
treatments are convention in microelectronic device pro-
cessing. In a preferred thermal transformation embodiment,
both the porous matrix and porogen comprise polymeric
dielectric materials, the porous matrix having a higher
thermal decomposition temperature, in addition to a high
glass transition temperature for thermo-mechanical stability.
With such a pairing, the first ILD layer may be heated to a
temperature above the thermal decomposition temperature
for the porogen but below the thermal decomposition tem-
perature for the porous matrix, to facilitate removal of the
porogen decomposition before subsequent cooling. In a
preferred chemical transformation embodiment, chemically-
enhanced decomposition of the selected porogen material
results is substantially no decompositon of the associated
porous matrix material or other adjacent materials.

Preferred pairings of matrix and porogen materials, for
example, include but are not limited to: an oligomeric
porogen, such as a low molecular weight polystyrene,
grafted as a side chain onto a tetracthylorthosilicate
(“TEOS”) porous matrix polymer; crosslinked polyarylene
matrix combined with polystyrene porogen; silicon dioxide
matrix with polyethylene oxide porogen; silicon dioxide
matrix with polynorbornene-based porogen such as that sold
under the trade name “Unity™400” by Promerus LLC; and
CDO matrix with polyethylene or polyethylene oxide poro-
gen. Each of these matrix materials has a higher thermal
decomposition temperature as compared with the matched
porogen, and is substantially insoluble in conventional
chemical agents and solvents such as those mentioned
above, while the paired porogens are soluble in such agents
and solvents. In terms of thermal decomposition tempera-
tures, low molecular weight polystyrene, polystyrene, poly-
ethylene oxide, and polynorbornene thermally decompose at
about 375, 375, 350, and 400-425 degrees Celsius, respec-
tively, while TEOS and silicon dioxide thermally decom-
pose at temperatures over 500 degrees Celsius, and
crosslinked polyarylene thermally decomposes at about 400
degrees Celsius. Therefore, selective decomposition, either
chemical or thermal, may be utilized to separate these
pairings.

Referring back to FIG. 1A, the first ILD layer (102) may
be formed adjacent the substrate layer (100) using a variety
of conventional techniques, such as spin-on or spin coating,
spin-casting out of solution, evaporative deposition, chemi-
cal vapor deposition, or plasma-enhanced chemical vapor
deposition, depending upon the particular materials selected












