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(57) ABSTRACT 

Systems, devices and methods are provided to improve per 
formance of integrated circuits by providing a low-k insula 
tor. One aspect is an integrated circuit insulator structure. One 
embodiment includes a Solid structure of an insulator mate 
rial, and a precisely determined arrangement of at least one 
void formed within the solid structure which lowers an effec 
tive dielectric constant of the insulator structure. One aspect is 
a method of forming a low-k insulator structure. In one 
embodiment, an insulator material is deposited, and a prede 
termined arrangement of at least one hole is formed in a 
surface of the insulator material. The insulator material is 
annealed Such that the low-k dielectric material undergoes a 
Surface transformation to transform the arrangement of at 
least one hole into predetermined arrangement of at least one 
empty space below the surface of the insulator material. Other 
aspects are provided herein. 
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LOW KINTERCONNECT DELECTRIC 
USING SURFACE TRANSFORMATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 10/931,593 filed Aug. 31, 2004, which is a 
divisional of U.S. application Ser. No. 10/106,915 filed Mar. 
25, 2002, now issued as U.S. Pat. No. 7,132,348, which 
applications are incorporated herein by reference in their 
entirety. 
0002 This application is also related to the following co 
pending, commonly assigned U.S. patent applications which 
are herein incorporated by reference in their entirety: 
“Method of Forming Buried Conductor Patterns By Surface 
Transformation of Empty Spaces in Solid State Materials.” 
Ser. No. 09/734,547, filed on Dec. 13, 2000; “Method of 
Forming Mirrors By Surface Transformation of Empty 
Spaces in Solid State Materials.” Ser. No. 09/855,532, filed on 
May 16, 2001; “Method of Forming Three-Dimensional Pho 
tonic Band Structures in Solid Materials.” Ser. No. 09/861, 
770, filed on May 22, 2001; and “Scalable High Performance 
Antifuse Structure and Process. Ser. No. 10/106,916, filed on 
Mar. 25, 2002; and “Films Deposited At Glancing Incidence 
For Multilevel Metallization, Ser. No. 10/105,672, filed on 
Mar. 25, 2002. 

TECHNICAL FIELD OF THE INVENTION 

0003. This invention relates generally to integrated cir 
cuits and, more particularly, to integrated circuit dielectrics 
useful for reducing the signal delay time attributable to inter 
COnnectS. 

BACKGROUND OF THE INVENTION 

0004. The semiconductor industry continuously strives to 
reduce the size and cost of integrated circuits. One method for 
measuring the performance of an integrated circuit uses the 
maximum clock speed at which the circuit operates reliably, 
which depends on how fast transistors can be switched and 
how fast signals can propagate. 
0005 One particular problem confronting the semicon 
ductor industry is that, as integrated circuit Scaling continues, 
the performance improvement is limited by the signal delay 
time attributable to interconnects in the integrated circuit. 
According to one definition, integrated circuit interconnects 
are three-dimensional metal lines with Submicrometer cross 
sections Surrounded by insulating material. One definition of 
an interconnect delay is the product of the interconnect resis 
tance (R) and the parasitic capacitance (C) for the intercon 
nect metal to the adjacent layers. Because of the progressive 
Scaling, the parasitic capacitance (C) has significantly 
increased due to closer routing of wires, and the interconnect 
resistance (R) has significantly increased due to a continuous 
reduction of the wire section. 
0006. The following approximations for various genera 
tions of integrated circuit technology illustrates this problem. 
For example, the delay in 0.7 um technology is about 500 ps, 
in which about 200 ps seconds are attributable to gate delays 
and about 300 ps are attributable to interconnect delays. The 
delay in 0.18 um technology is about 230ps, in which about 
30 ps are attributable to gate delays and about 200 ps are 
attributable to interconnect delays. As integrated circuit Scal 
ing continues, it is desirable to lower the interconnect RC time 
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constant by using metals with a high conductivity. One high 
conductivity metal used to lower the RC constant is copper. 
The use of copper in 0.18 um technology improves the inter 
connect delays to about 170 ps. However, even though the 
delay attributable to the gates continues to decrease as Scaling 
continues beyond the 0.18 um technology, the overall delay 
increases significantly because the interconnect delay is sig 
nificantly increased. It has been estimated that as much as 90 
percent of the signal delay time in future integrated circuit 
designs may be attributable to the interconnects and only 10 
percent of the signal delay may be attributable to transistor 
device delays. As such, it is desirable to lower the intercon 
nect RC time constant by using materials with a low dielectric 
constant (k). 
0007 Low-k dense materials are available having a k in a 
range between 2.5 and 4.1. The fluorination of dielectric 
candidates, such as Teflon R, achieve a k of about 1.9. 
0008 Air has a k of about 1. One direction for developing 
low-k dielectrics incorporates air into dense materials to 
make them porous. The dielectric constant of the resulting 
porous material is a combination of the dielectric constant of 
air (ks 1) and the dielectric constant of the dense material. As 
such, it is possible to lower the dielectric constant of a low-k 
dense material by making the dense material porous. 
0009 FIG. 1 illustrates a known Xerogel process for form 
ing porous, silica-based material with a lower dielectric con 
stant (k). Xerogels and Aerogels based on silica incorporate a 
large amount of air in Voids, such that dielectric constants of 
1.95 and lower have been achieved with voids that areas small 
as 5-10 nm. However, it is difficult to control the preparation 
of Xerogel and Aerogel low-k films. Furthermore, large 
amounts of liquid solvents and non-solvents have to be 
removed to form the voids, which tend to produce variability 
in the Void size, shape and density, and tend to produce 
shrinkage that can cause high internal stress and cracking. 
0010. Therefore, there is a need in the art to provide a 
system and method that improves integrated circuit perfor 
mance by reducing the interconnect RC time constant. There 
is a need in the art to provide a low-k dielectric insulator for 
the interconnects that is easily prepared, that is consistently 
formed and that does not suffer from high internal stress and 
cracking. 

SUMMARY OF THE INVENTION 

0011. The above mentioned problems are addressed by the 
present Subject matter and will be understood by reading and 
studying the following specification. The present Subject mat 
ter provides a low-k dielectric insulator for integrated circuit 
interconnects that is easily prepared, that is consistently 
formed and that does not suffer from high internal stress and 
cracking. The low-k dielectric insulator of the present inven 
tion includes empty spaces formed using Surface transforma 
tion. As such, the present invention provides a system and 
method that improves integrated circuit performance by 
reducing the interconnect RC time constant. 
0012. One aspect of the present subject matter is an inte 
grated circuit insulator structure. One embodiment of the 
structure includes a solid structure of an insulator material, 
and a precisely determined arrangement of at least one Void 
formed within the solid structure. The precisely-determined 
arrangement of at least one Void within the solid structure 
lowers an effective dielectric constant of the insulator struc 
ture. According to one embodiment of the structure, the pre 
cisely determined arrangement of at least one Void is formed 
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within the solid structure by surface transformation. Accord 
ing to various embodiments, the at least one Void includes 
spherical, pipe-shaped and plate-shaped Voids. 
0013. One aspect of the present subject matter is a method 
of forming a low-kinsulator structure. In one embodiment, an 
insulator material is deposited, and a predetermined arrange 
ment of at least one hole is formed in a surface of the insulator 
material. In one embodiment, the at least one hole includes a 
cylindrical hole. The insulator material is annealed such that 
the low-k dielectric material undergoes a Surface transforma 
tion to transform the arrangement of at least one hole into 
predetermined arrangement of at least one empty space below 
the Surface of the insulator material. According to various 
embodiments, the predetermined arrangement of at least one 
hole is formed as one or more spheres, one or more plate 
shaped Voids, and/or one or more pipe-shaped Voids. 
0014. One aspect of the present subject matter is a method 
of forming an integrated circuit. In one embodiment, an inter 
layer insulator is formed and a metal level is formed on the 
inter-layer insulator. The interlayer insulator is formed by 
depositing a low-k, relatively low melting dielectric material. 
A predetermined arrangement of holes is formed in a Surface 
of the low-k dielectric material. The low-k dielectric material 
is annealed such that the low-k dielectric material undergoes 
a Surface transformation to transform the arrangement of at 
least one hole into a predetermined arrangement of at least 
one empty space below the surface of the low-k dielectric 
material. According to various embodiments, the holes are 
formed and the material is annealed either before or after the 
metal level is formed on the inter-layer insulator. 
0015 These and other aspects, embodiments, advantages, 
and features will become apparent from the following 
description of the invention and the referenced drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 illustrates a known Xerogel process for form 
ing porous, silica-based material with a lower dielectric con 
stant (k). 
0017 FIGS. 2A-2F illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for single sphere 
shaped empty space formation. 
0018 FIGS. 3A-3C illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for single pipe-shaped 
empty space formation. 
0019 FIGS. 4A-4B illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for plate-shaped empty 
space formation. 
0020 FIG. 5 illustrates a parallel capacitor model for two 
distinct dielectrics in parallel with each other, the first dielec 
tric having a permittivity of 6, or a permittivity of free space 
(6), and the second dielectric having a permittivity of 6. 
0021 FIG. 6 illustrates a series capacitor model for two 
distinct dielectrics in series with each other, the first dielectric 
having a permittivity of 6, or a permittivity of free space 
(6), and the second dielectric having a permittivity of 6. 
I0022 FIG. 7 illustrates plots ofke, and ks, which are 
plotted as a function of the filling factor “f, which is shown 
in FIGS. 5 and 6, and for k equal to 4.0. 
0023 FIG. 8 illustrates a transformation formed stack of 
empty plates with a filling factor “f approximately equal to 
0.78 and an effective dielectric constant k, approximately 
equal to 1.2. 
0024 FIG. 9 illustrates metal levels for an integrated cir 

cuit. 
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0025 FIG. 10 illustrates a dielectric volume, such as that 
bounded by the metal levels shown in FIG. 9, with a single 
empty sphere formed therein. 
0026 FIG. 11 illustrates a dielectric volume, such as that 
bounded by the metal levels shown in FIG. 9, with a close 
pack structure of spheres formed therein. 
0027 FIG. 12 illustrates a dielectric volume, such as that 
bounded by the metal levels shown in FIG.9, with a stack of 
empty plates formed therein. 
0028 FIG. 13 illustrates the binary system {KO 
Al-O-4SiO. leucite-SiO. 
0029 FIG. 14 illustrates a phase equilibrium diagram of 
the ternary system Na CaO-SiO showing boundary 
curves and tie-lines. 
0030 FIG. 15 illustrates a phase equilibrium diagram of 
ternary system Na CaO SiO showing isotherms. 
0031 FIG. 16 illustrates one embodiment for forming a 
integrated circuit. 
0032 FIG. 17 illustrates one embodiment for forming a 
low-kinsulator for device isolation regions and/or inter-layer 
dielectrics. 
0033 FIG. 18 is a simplified block diagram of a high-level 
organization of an electronic system according to the teach 
ings of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0034. The following detailed description of the invention 
refers to the accompanying drawings which show, by way of 
illustration, specific aspects and embodiments in which the 
invention may be practiced. In the drawings, like numerals 
describe Substantially similar components throughout the 
several views. These embodiments are described in sufficient 
detail to enable those skilled in the art to practice the inven 
tion. Other embodiments may be utilized and structural, logi 
cal, and electrical changes may be made without departing 
from the scope of the present invention. The following 
detailed description is, therefore, not to be taken in a limiting 
sense, and the scope of the present invention is defined only 
by the appended claims, along with the full scope of equiva 
lents to which such claims are entitled. 
0035. The present subject matter improves integrated cir 
cuit performance by reducing the RC time delays attributable 
to interconnects. The present Subject matter provides a low-k 
dielectric insulator of greater uniformity and dimensional 
stability for advanced integrated circuits. The low-k dielectric 
insulator of the present invention includes empty spaces, 
which reduces the effective dielectric constant (k) of the 
insulator, that are controllably formed using Surface transfor 
mation. 

0036. As analyzed by Nichols et al. (F. A. Nichols et al., 
Trans. AIME 233, (10), p 1840, 1965) when a solid is heated 
to a higher temperature, a solid with a cylindrical hole that is 
beyond a critical length (W) becomes unstable. The cylindri 
cal hole is transformed into one or more empty spheres 
formed along the cylinder axis. The number (N) of spheres 
formed depends on the length (L) and radius (R) of the 
cylinder. Two models of diffusion are surface diffusion and 
pure volume diffusion. With respect to surface diffusion, for 
example, the relation between the cylinder length (L), cylin 
der radius (R), and number of spheres (N) is expressed by 
the following equation: 

8.89xRxNeLs8.89xRx(N+1). (1) 
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Equation (1) predicts that no empty spheres will form if 
L<8.89xR. Each empty sphere that forms has a radius (Rs.) 
expressed by the following equation: 

Rs—1.88xR. (2) 

If the cylinder has sufficient length L to form two spheres, the 
center-to-center spacing between the spheres corresponds to 
the critical length (W) and is provided by the equation: 

-8.89xR. (3) 

Pure volume diffusion provides similar results, with slightly 
different constants. For example, depending on the exact 
magnitude of the diffusion parameters, we can vary from 
9.02xR to 12.96xR. One of ordinary skill in the art will 
understand that the diffusion model is capable of being deter 
mined by experiment. The remainder of this disclosure 
assumes surface diffusion. One of ordinary skill in the art will 
understand, upon reading and comprehending this disclosure, 
how to apply the teachings of the present invention to another 
diffusion model. 
0037. As analyzed by Sato et al. (T. Sato et al., VLSI Dig. 
p 206, 1998), a deep trench in silicon, which has a melting 
temperature of 1400° C., is transformed into empty spheres 
along the axis of the original trench at a reducing ambient of 
10 Torr of hydrogen and an annealing temperature of 1100° C. 
The empty spheres are uniformly sized and spaced. 
0038. As analyzed by Sato etal. (T. Sato et al., 1999 IEDM 
Digest, paper 20.6.1), various shaped empty spaces such as 
spheres, pipes, and plates are capable of being formed under 
the surface of a silicon substrate. The shape of the empty 
spaces formed during the annealing conditions depends on 
the size, number and spacing of the cylindrical holes that are 
initially formed at a lower temperature. 
0039 FIGS. 2A-2F illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for single sphere 
shaped empty space formation. A cylindrical hole 210 is 
formed in the surface 212 of a volume of a solid material 214. 
As used here, the term hole refers to a void defined by the 
solid material. The material 214 is heated (annealed) and 
undergoes the transformation illustrated in FIGS. 2B through 
2F. The result of the surface transformation process is an 
empty sphere formed below the surface 212 of the volume of 
material 214. 
0040. In order to form a single sphere, which holds true for 
forming a single pipe or plate, the length (L) and radius (R) 
of the cylindrical holes are chosen such that equation (1) with 
N=1 is satisfied. It is pointed out that a vertical stacking of N 
empty spaces results if the length of the cylindrical holes is 
Such that equation (1) is satisfied. 
0041. In order for single surface-transformed spheres to 
combine with other surface-transformed spheres, the center 
to-center spacing (D) between the initial cylindrical holes 
will satisfy the following equation: 

2x RCD-23.76xR. (4) 

Satisfying this equation prevents the adjacent initial cylindri 
cal holes from touching, yet allows the adjacent Surface 
transformed spheres to combine and form pipe and plate 
empty spaces, as shown in FIGS. 3A-3C and FIGS. 4A-4B 
and described below. 
0042 FIGS. 3A-3C illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for single pipe-shaped 
empty space formation. A linear array of cylindrical holes 310 
is formed in a surface 312 of a solid material 314. The cylin 
drical holes 310 have a center-to-center spacing (D) as 
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calculated using equation (4). The material 314 is heated 
(annealed) and undergoes the transformation illustrated in 
FIGS. 3B through 3C. The result of the surface transforma 
tion process is an empty pipe-shaped void 318 formed below 
the surface 312 of the volume of material 314. The radius (R) 
of the pipe 318 is provided by the following equation: 

8.86x R, (5) 
DNT 

0043 FIGS. 4A-4B illustrate a portion of a silicon sub 
strate undertaking a sequence of steps for plate-shaped empty 
space formation. A two-dimensional array of cylindrical 
holes 410 is formed in a surface 412 of a solid material 414. 
The cylindrical holes 410 have a center-to-center spacing 
(D) as calculated using equation (4). The material 414 is 
heated (annealed) and undergoes the transformation illus 
trated in FIG. 4B. The result of the surface transformation 
process is an empty plate-shaped void 420 formed below the 
surface 412 of the volume of material 414. The thickness (T,) 
of a plate 420 is given by the following equation: 

27.83XR (6) P = p, 

0044) The present subject matter forms low-k materials 
using Surface transformation. That is, the present Subject mat 
ter incorporates Surface transformation formed empty spaces 
to lower the effective dielectric (k) of an insulator. The size, 
shape and spacing of empty spaces is controlled by the diam 
eter, depth and spacing of cylindrical holes initially formed in 
a solid dielectric material that has a defined melting tempera 
ture. Empty spaces or Voids are formed after annealing below 
the defined melting temperature. The empty spaces or Voids 
are capable of being formed with a spherical, pipe, or plate 
shape, or combinations of these shapes. 
0045. The surface transformed empty spaces do not pro 
vide additional stress or produce a tendency to crack because 
the volume of air incorporated in the surface transformed 
empty spaces is equal to the Volume of air within the initial 
starting pattern of cylindrical holes. It is noted that if the 
cylinder length (L) is equal to an integer of a critical length 
(W) such as 1xx to form one sphere, 2xW, to form two 
spheres, 3x to form three spheres, etc., then the surface will 
be smooth after the Surface transformed empty spaces are 
formed. However, if the cylinder length (L) is not equal to an 
integer of a critical length (W), then the Surface will have 
dimples caused by air in the cylinder attributable to the length 
beyond an integer of a critical length (W). That is, for a given 
length L and W, the number of spheres formed is the integer 
of L/7, and the remainder of L/W contributes to the dimples 
on the Surface. 

0046 FIG. 5 illustrates a parallel capacitor model for two 
distinct dielectrics in parallel with each other, the first dielec 
tric having a permittivity of 6, or a permittivity of free space 
(6), and the second dielectric having a permittivity of 6. 
The capacitor 522 has a first electrode 524 and a second 
electrode 526. The first electrode 524 and the second elec 
trode 526 both have a length (A) and are separated by a 
distance (d). A first dielectric 528 is formed between the first 
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and second electrodes, and a second dielectric 530 is formed 
between the first and second electrodes and parallel to the first 
dielectric. The first dielectric extends a distance A, which is 
a fraction of the length A, from one end of the electrodes as 
provided by the following equation: 

AfxA. (7) 

0047. The variable frepresents the fraction (or filling fac 
tor) of the first dielectric 528, which is air (ks 1) in one 
embodiment. The second dielectric 530 extends a distance 
A, which is a fraction of the length A, from the opposing end 
of the electrodes as provided by the following equation: 

The effective dielectric constant (ke) for the parallel 
capacitor model is represented by the following equation: 

kepf -k2x(1-f). (9) 

0048 FIG. 6 illustrates a series capacitor model for two 
distinct dielectrics in series with each other, the first dielectric 
having a permittivity of 6, or a permittivity of free space 
(6), and the second dielectric having a permittivity of 6. 
The capacitor 622 has a first electrode 624 and a second 
electrode 626. The first electrode 624 and the second elec 
trode 626 both have a length (A) and are separated by a 
distance (d). A first dielectric 628 is formed in series with a 
second dielectric 630 between the first and second electrodes. 
The first dielectric 628 has a width d, which is a fraction of 
the distanced as represented by the following equation: 

difxd. (10) 

The variable frepresents the fraction (or filling factor) of the 
first dielectric 628, which is air (ks1) in one embodiment. The 
second dielectric has a width d, which is fraction of the 
distanced as represented by the following equation: 

The effective dielectric constant (ks) for the series capaci 
tor model is represented by the following equation: 

1 (12) 
kei (S) = — -. 

f+ (1-f)x 2 

I0049 FIG. 7 illustrates plots ofke, and ks, which are 
each plotted as a function of the filling factor variable “f” and 
for k equal to 4.0. One of ordinary skill in the art will 
recognize that similar plots can be made for other dielectric 
constant values. The effective dielectric constant (k,z) of a 
material of dielectric constant k with embedded empty 
spaces depends on the detailed size, shape orientation and 
spacing of the empty spaces relative to a set of parallel elec 
trodes. However, the k, for the material with a dielectric 
constant k with embedded empty spaces is bounded between 
the effective capacitance for the parallel capacitor model 
(k,z) and the effective capacitance of the series capacitor 
model (kers). 
0050 FIG. 8 illustrates a transformation formed stack of 
empty plates with a filling factor “f approximately equal to 
0.78 and an effective dielectric constant k, approximately 
equal to 1.2. This figure illustrates one example of the effec 
tive dielectric constant (k) for a dielectric film of SiO, 
which has a dielectric constant (k) of 4.34 and a melting 
temperature of 1610°C., that incorporates surface transfor 
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mation formed empty spaces. In the illustrated example, the 
Surface transformation produces a vertical stack of empty 
plates in the dielectric film between the electrodes 624 and 
626. The number of empty plates formed depends on the 
length of the cylindrical holes. 
0051. From equation (6), it is determined that the thick 
ness T of the empty plate has a maximum value of 6.95xR, 
when D is near the minimum allowed value of 2xR, as 
inferred from equation (4). From equation (3), the center-to 
center spacing (W) of empty plates is 8.89xR. It can be 
calculated that f-0.78. The expression of k(s) applies and 
results in k-1.2 for k=4.34 and f 0.78. 
0.052 FIG. 9 illustrates metal levels for an integrated cir 
cuit. The figure illustrates a first metal level 940, a second 
metal level 942, and a third metal level 944. The metal levels 
lie in approximately parallel planes. Individual lines within 
the metal levels typically run either parallel to or orthogonally 
to individual lines in other metal levels. The metal levels are 
separated by inter-layer dielectrics (not shown). The metal 
levels form boundaries for dielectric regions, or volumes, 
between the individual lines and the metal levels. For sim 
plicity, the dielectric volumes are illustrated as a rectilinear 
volume in FIGS. 10 through 12. A goal is to maximize the 
amount of air that is incorporated into these dielectric vol 
umes using Surface transformation formed empty spaces. 
0053 FIG. 10 illustrates a dielectric volume 1014, such as 
that bounded by the metal levels shown in FIG. 9, with a 
single empty sphere 1010 formed therein. The dielectric vol 
ume often will have various shapes and sizes. As such, Smaller 
spheres are used to obtain a larger filling factor when the 
empty spheres are packed or arranged with other spheres. 
0054 FIG. 11 illustrates a dielectric volume 1114, such as 
that bounded by the metal levels shown in FIG. 9, with a 
close-pack structure of spheres 1110 formed therein. The 
spheres 1110 illustrated in FIG. 11 are smaller than the 
spheres 1010 illustrated in FIG. 10, and as such are capable of 
being packed into a variety of dielectric Volumes. 
0055 FIG. 12 illustrates a dielectric volume, such as that 
bounded by the metal levels shown in FIG.9, with a stack of 
empty plates formed therein. This figure illustrates that other 
shapes of Surface transformation formed empty spaces are 
capable of being used to lower the effective dielectric con 
stant (k) of the dielectric volume. One of ordinary skill in 
the art will appreciate that various shapes and sizes of Voids 
are capable of being used to pack various shapes and sizes of 
dielectric Volumes. 
0056. In the example above, SiO (quartz), which has a 
melting point of 1610° C., is used as the bulk dielectric 
material. For process compatibility reasons it may be desir 
able or necessary to employ other solid materials notably with 
lower melting temperature (and preferably lower dielectric 
constant). That is, the solid materials used should be capable 
of being annealed at a temperature that does not unduly inter 
fere or compromise existing integrated circuit structures. 
0057 SiO has been widely used in microelectronics tech 
nology as an inter-layer dielectric, as trench isolation and as 
passivation between active silicon device regions and inter 
connects. In microelectronics technology, metal contacts, via 
and interconnects are fabricated after device processing in 
silicon, while device isolation regions are fabricated prior to 
device processing. The processing temperature for contacts 
and interconnects is required to be low enough not to signifi 
cantly alter impurity profiles in silicon. Corresponding ther 
mal budgets allowed must be below 1000°C. for time periods 
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less than a minute, with appropriate compatibility with inter 
connect metallurgy. An example of Such an SiO-based 
dielectric is the KO Al-O-4SiO, leucite-SiO binary 
system. 
0058 FIG. 13 illustrates the binary system KO Al-O- 
4SiO (leucite)-SiO FIG. 13 shows a phase diagram and 
associated low temperature eutectic at ~55% SiO, concentra 
tion. In one embodiment, such a dielectric is sputter-depos 
ited with Tungsten metallurgy as studs and as first and second 
levels of interconnects. In one embodiment, the dielectric is 
applied earlier in the process for device isolation. In these 
applications, the electric deposition is followed by the cre 
ation of an appropriate array of cylindrical holes into the 
dielectric. These cylindrical holes are transformed to an 
empty space. Such as empty spheres, pipes or plates through 
an annealing process. 
0059. One embodiment uses laser pulse annealing to an 
appropriate temperature close to the melting point of the 
dielectric, thus achieving a desired empty space filling factor 
(porosity) and low k value. In various embodiments, tungsten 
interconnect technology is employed by standard damascene 
or metal inlaid process. 
0060 Creating voids in an isolation regions reduces para 
sitic inter-diffusion capacitance and lateral noise propagation 
within silicon as well as parasitic line to Substrate capaci 
tance. Creating voids within the inter-layer dielectric reduces 
parasitic gate-to-diffusion, line-to-diffusion and Substrate 
capacitance components as well as inter-level and intra-level 
line to line capacitance. Benefits in microelectronic chip 
design include: parasitic bitline capacitance reduction; sense 
amp signal improvement in array designs, such as DRAM, 
SRAM, NVRAM and the like; improved random logic cell 
designs that result in improved density speed and power; and 
improved analog and digital design integration within the 
chip by reducing noise propagation. 
0061 FIG. 14 illustrates a phase equilibrium diagram of 
the ternary system Na CaO-SiO showing boundary 
curves and tie-lines. FIG. 15 illustrates a phase equilibrium 
diagram of ternary system Na CaO SiO showing iso 
therms. In one embodiment, the dielectric is a multi-compo 
nent NaO—CaO—SiO glass. In one embodiment, the 
dielectric is a ternary eutectic composition of the glass. The 
lowest-melting eutectic of soda (NaO) and silica (SiO) is at 
793° C. and of soda, lime and silica is at 725°C. These are 
shown in the ternary diagrams of FIGS. 14 and 15. In choos 
ing a glass composition several factors are considered. One 
factor is whether the glass forms a suitable insulator. Another 
factor is whether the composition is stable during the forma 
tion of the empty spaces. As such, it is desirable to use glass 
compositions which are thermodynamically invariant. 
0062. In one embodiment, the dielectric includes organic 
polymers such as polytetrafluoroethylene (TeflonR). Another 
method for producing porous polymers for integrated circuit 
applications is discussed by Farrar in U.S. Pat. No. 6,077,792 
entitled “Method of Forming Foamed Polymeric Material for 
an Integrated Circuit.” In one embodiment, the dielectric 
includes lead acetate with a melting point of 280° C. and a 
dielectric constant (k) of 2.6. 
0063. The figures presented and described in detail above 
are similarly useful in describing the method aspects of the 
present subject matter. The methods described below are 
nonexclusive as other methods may be understood from the 
specification and the figures described above. One aspect 
provides a method for forming a wide variety of insulators in 
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semiconductor applications, such as interconnect dielectrics, 
and other applications that require or desire an insulator with 
a low dielectric constant. 

0064 FIG. 16 illustrates one embodiment for forming a 
integrated circuit. According to this embodiment, device iso 
lation regions are formed at 1610, and one or more devices are 
formed at 1612. An inter-layer dielectric over the devices is 
formed at 1614. At 1616, a metal level is formed over the 
inter-layer dielectric and is appropriately connected or 
coupled to the devices. One method for depositing a metal 
pattern is the dual damascene process. Other methods 
includes the single damascene or subtractive etch metal pro 
cess. It is determined at 1618 whether another metal level is to 
beformed. If it is determined that another metal level is to be 
formed, then the process returns to 1614 to form another 
inter-layer dielectric and to form a metal level over the dielec 
tric at 1616 with the appropriate connections to the devices. If 
it is determined at 1618 that another metal level is not to be 
formed, then the process terminates. This process can be 
forming another inter-layer dielectric and forming another 
metal level can be repeated as many times as necessary to 
produce the required number of metal levels. It is noted that 
the dielectric material is chosen that has an appropriate 
annealing temperature to perform the Surface transformation 
process without damaging other parts of the integrated cir 
cuit. Different dielectric materials are capable of being used 
in different parts of the integrated circuit, as desired or 
required by the application. 
0065 FIG. 17 illustrates one embodiment for forming a 
low-kinsulator for device isolation regions and/or inter-layer 
dielectrics, shown previously at 1610 and 1614 in FIG. 16. 
According to one embodiment, a low-k dielectric is deposited 
at 1720. Holes are formed in the low-k dielectric at 1722. At 
1724, the low-k dielectric material is annealed to cause Sur 
face transformation. The result of the surface transformation 
is that the holes that were previously formed in the low-k 
dielectric are transformed into empty spaces under the Sur 
face of the dielectric. These empty spaces lower the effective 
dielectric constant. Furthermore, the use of the surface trans 
formation technique allows the spaces to be arranged in Such 
a manner as to maximize the amount of Void space in the 
dielectric to minimize the effective dielectric constant. 

0066. It is noted that the formation of the holes in the 
dielectric, as represented by element 1722, and/or the anneal 
ing of the dielectric, as represented by the element 1724, can 
be performed either before or after the metal level is formed 
on the low-k dielectric. For example, upon completion of the 
metal level, an appropriate resist layer is applied and imaged 
with a series of holes where the hole diameter is at least one 
half or less of the line to line spacing. Again, a goal is to pack 
as much air in the dielectric Volume because increasing the 
filling factor (f) of air decreases the effective dielectric con 
stant (k) of the dielectric volume. In one embodiment of the 
present invention, the diameter of the voids within the dielec 
tric Volume ranges from 1 micron to 0.2 micron. 
0067. It is possible to define the pattern using direct write 
e-beam lithography, but this is an expensive and time con 
Suming process. A dense pattern of holes is all that is required 
to reduce the dielectric constant and the associated capacitive 
loading effects. Various techniques are available to form the 
holes in the Solid material. One technique is imprint lithog 
raphy. It may be desired to imprint the mask twice with an 
random offset of the mask between the printings in order to 
achieve a high density of holes. Another technique is to form 
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a stencil using a method described by Asoh et al. (H. Asohet 
al., “Fabrication of Ideally Ordered Anodic Porous Alumina 
with 3 nm Hole Periodicity. Using Sulfuric Acid'. J. Vac. 
Technol. B 19(2), Mar/Apr. 2001, pp. 569-572) by first pro 
ducing a metal mask that can be used repeatedly. 
0068 Continuing with the example, once the insulator has 
been patterned and holes are etched, the surface is heated 
rapidly to a temperature near the melting point of the insulator 
and the surface transformation of cylindrical holes to buried 
empty spaces takes place. The heating is accomplished by 
using a pulsed incoherent light or laser Source that is applied 
for a few microseconds to a few milliseconds, thereby only 
heating the uppermost layer of the wafer. The wafer is rapidly 
cooled after the heat Source is extinguished by the large 
thermal mass of the wafer. 
0069 FIG. 18 is a simplified block diagram of a high-level 
organization of an electronic system according to the teach 
ings of the present invention. The electronic system 1800 has 
functional elements, including a processor orarithmetic/logic 
unit (ALU) 1802, a control unit 1804, a memory device unit 
1806 and an input/output (I/O) device 1808. Generally such 
an electronic system 1800 will have a native set of instruc 
tions that specify operations to be performed on data by the 
processor 1802 and other interactions between the processor 
1802, the memory device unit 1806 and the I/O devices 1808. 
The control unit 1804 coordinates all operations of the pro 
cessor 1802, the memory device 1806 and the I/O devices 
1808 by continuously cycling through a set of operations that 
cause instructions to be fetched from the memory device 1806 
and executed. The processor 1802 and memory device 1804, 
for example, are formed as integrated circuits with a low-k 
dielectric material according to the teachings of the present 
invention, thus lowering the RC time delay and improving the 
performance of the integrated circuits and the overall elec 
tronic system. 

CONCLUSION 

0070 The present subject matter improves integrated cir 
cuit performance by reducing the RC time constant of inter 
connects. The present Subject matter provides a low-k dielec 
tric insulator of greater uniformity and dimensional stability 
for advanced integrated circuits. The low-k dielectric insula 
tor of the present invention includes empty spaces controlla 
bly formed using Surface transformation. Forming low 
dielectric constant materials by incorporating Surface trans 
formation formed empty spaces enables greater control of 
low-k dielectric properties while avoiding stress and cracking 
problems which are found in Xerogels and Aerogels. 
0071 Although specific embodiments have been illus 
trated and described herein, it will be appreciated by those of 
ordinary skill in the art that any arrangement which is calcu 
lated to achieve the same purpose may be substituted for the 
specific embodiment shown. This application is intended to 
cover any adaptations or variations of the present invention. It 
is to be understood that the above description is intended to be 
illustrative, and not restrictive. Combinations of the above 
embodiments, and other embodiments will be apparent to 
those of skill in the art upon reviewing the above description. 
The scope of the invention includes any other applications in 
which the above structures and fabrication methods are used. 
The scope of the invention should be determined with refer 
ence to the appended claims, along with the full scope of 
equivalents to which Such claims are entitled. 
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What is claimed is: 
1. A structure, comprising: 
an insulator structure of an insulator material; and 
the insulator structure including an arrangement of a plu 

rality of voids having a predetermined void-to-void 
spacing, wherein each Void has a shape and size formed 
through a Surface transformation process, wherein the 
Surface transformation process includes: 
forming holes with predetermined dimensions and spac 

ing through a surface of the insulator structure; and 
annealing the insulator structure to transform the holes 

through the surface of the insulator structure into the 
arrangement of the voids with the predetermined 
Void-to-void spacing, wherein the Void-to-void spac 
ing and the shape and size of each Void is controlled 
by the predetermined dimensions and spacing of the 
holes, 

wherein the arrangement of at least one void within the 
insulator structure lowers an effective dielectric constant 
of the insulator structure. 

2. The structure of claim 1, wherein the insulator material 
is a low-k insulator material. 

3. The structure of claim 2, wherein the insulator material 
includes silicon. 

4. The structure of claim 2, wherein the insulator material 
includes a multi-component composition. 

5. The structure of claim 2, wherein the insulator material 
includes a eutectic multi-component composition. 

6. The structure of claim 1, wherein the insulator material 
has a low annealing temperature. 

7. The structure of claim 6, wherein the insulator material 
includes lead acetate. 

8. The structure of claim 6, wherein the insulator material 
includes a eutectic multi-component composition. 

9. The structure of claim 1, wherein the plurality of voids 
includes a plate-shaped Void. 

10. The structure of claim 9, wherein the plurality of voids 
includes a stack of a plate-shaped Voids. 

11. The structure of claim 1, wherein the plurality of voids 
includes at least one pipe-shaped Void. 

12. A structure, comprising: 
an insulator structure of a low-k insulator material; and 
the insulator structure including an arrangement of a plu 

rality of sphere-shaped Voids having a predetermined 
Void-to-void spacing, wherein each Void has a shape and 
size formed through a Surface transformation process, 
wherein the Surface transformation process includes: 
forming holes with predetermined dimensions and spac 

ing through a surface of the insulator structure; and 
annealing the insulator structure to transform the holes 

through the surface of the insulator structure into the 
arrangement of the voids with the predetermined 
Void-to-void spacing, wherein the Void-to-void spac 
ing and the shape and size of each Void is controlled 
by the predetermined dimensions and spacing of the 
holes, 

wherein the precisely-determined arrangement of at least 
one void within the solid structure lowers an effective 
dielectric constant of the insulator structure. 

13. The structure of claim 12, wherein the arrangement of 
the plurality of sphere-shaped Voids includes a close-packed 
structure of empty spheres. 
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14. The structure of claim 12, wherein at least one of the 
plurality of sphere-shaped Voids has a diameter of approxi 
mately 1 micron. 

15. The structure of claim 12, wherein at least one of the 
plurality of sphere-shaped Voids has a diameter of approxi 
mately 0.2 micron. 

16. An electronic system, comprising: 
a processor; and 
a memory coupled to the processor, 
wherein the processor and the memory are formed as at 

least one integrated circuit, including: 
a plurality of devices: 
at least one metal level operatively coupled to the plu 

rality of devices; and 
an insulator structure of an insulator material between the 

plurality of devices and the at least one metal level, the 
insulator structure including an arrangement of a plural 
ity of Voids having a predetermined Void-to-void spac 
ing, wherein each Void has a shape and size formed 
through a Surface transformation process, wherein the 
Surface transformation process includes: 
forming holes with predetermined dimensions and spac 

ing through a surface of the insulator structure; and 
annealing the insulator structure to transform the holes 

through the surface of the insulator structure into the 
arrangement of the voids with the predetermined 
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Void-to-void spacing, wherein the Void-to-void spac 
ing and the shape and size of each Void is controlled 
by the predetermined dimensions and spacing of the 
holes, 

wherein the arrangement of the plurality of voids within the 
insulator structure lowers an effective dielectric constant 
of the insulator structure and improves the performance 
of the processor and the memory. 

17. The electronic system of claim 16, wherein the insula 
tor material is a low-k insulator material. 

18. The electronic system of claim 17, wherein the insula 
tor material includes silicon. 

19. The electronic system of claim 17, wherein the insula 
tor material includes a multi-component composition. 

20. The electronic system of claim 16, wherein the insula 
tor material includes a eutectic multi-component composi 
tion. 

21. The electronic system of claim 16, wherein the insula 
tor material includes a material having a low melting tem 
perature such that the insulator material is capable of being 
annealed at a low annealing temperature. 

22. The electronic system of claim 16, wherein the arrange 
ment of the plurality of Voids includes a close-packed 
Structure. 


