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LOW DIELECTRIC CONSTANT (LOW-K)
DIELECTRIC AND METHOD OF FORMING
THE SAME

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/383,850, filed Sep. 6, 2016,
the disclosure of which is hereby incorporated herein by
reference in its entirety.

GOVERNMENT SUPPORT

This invention was made with government support under
CBET1066231 awarded by the National Science Founda-
tion. The government has certain rights in the invention.

FIELD OF THE DISCLOSURE

The technology of the disclosure relates generally to
dielectrics and more particularly to curing dielectrics using
ultraviolet (UV) and vacuum UV (VUYV) radiation.

BACKGROUND

To fabricate high-speed ultra large-scale integration
(ULSI) devices, low dielectric constant (i.e., low-k) dielec-
trics are utilized in back-end-of-the-line processes (i.e.,
where a transistor is connected to the rest of an integrated
circuit) to reduce signal-propagation delay. To reduce the
dielectric constant of insulators to an even lower value,
porous organosilicate low-k dielectrics, such as SICOH for
example, can be used. Some techniques use plasma-en-
hanced chemical-vapor deposition (PECVD) using porogen
incorporation. The porogens can be removed with a post-
deposition treatment, such as thermal annealing with ultra-
violet (UV) exposure, resulting in a porous SiCOH film with
low-k properties. The mechanisms of UV curing have been
widely investigated. Specifically, CHx dissociation and Si—
O—Si cross-linking enhancement contributes to the phe-
nomena of porogen removal and improvement of mechani-
cal properties in low-k thin films. However, due to Si—CH3
scission during UV curing, a tradeoff exists between
strengthening mechanical properties and reducing the
dielectric constant: a longer UV-curing time can achieve
better mechanical strength, but it can also increase the
dielectric constant. Furthermore, conventional UV curing
processes can typically require simultaneous thermal heat-
ing, which can result in the deterioration of the films.

SUMMARY

The present disclosure relates to a low dielectric constant
(low-k) dielectric and method of forming the same. Related
devices, methods, and systems are also disclosed. According
to an exemplary method of forming a low-k dielectric,
providing a substrate and forming a dielectric including
porogens over the substrate is disclosed. The dielectric is
subject to a first pressure greater than 10 Torr. While
subjecting the dielectric to the first pressure, the dielectric is
exposed to ultraviolet (UV) radiation having one or more
photon energies less than or equal to seven electron volts (7
eV). The dielectric is also subject to a second pressure less
than 1x10~> Torr. While subjecting the dielectric to the
second pressure, the dielectric is exposed to vacuum UV
(VUV) radiation having one or more photon energies greater
than 7 eV.
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Since it is difficult for VUV radiation to travel through a
medium at a pressure greater than 10 Torr without being
absorbed by intervening materials, subjecting the dielectric
to the second pressure less than 1x10~> Torr creates a
medium wherein the dielectric can be exposed to the VUV
radiation. By exposing the dielectric to UV and VUV
radiation, the dielectric can achieve a reduced dielectric
constant as well as increased mechanical properties. In some
aspects, the dielectric is an organosilicate. In other aspects,
the dielectric is not heated by an external heat source during
the exposure to the UV radiation and the exposure to the
VUV radiation. In some aspects, the dielectric is exposed to
the UV radiation before it is exposed to the VUV radiation.

Those skilled in the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the preferred
embodiments in association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects
of the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1 is a flowchart illustrating an exemplary process of
forming a low dielectric constant (low-k) dielectric by
exposing the dielectric to ultraviolet (UV) and vacuum UV
(VUV) radiation;

FIGS. 2A-2D illustrate forming the low-k dielectric
according to the exemplary process of FIG. 1;

FIG. 3 is a graph illustrating how exposure to radiation at
varying photon energies can affect a dielectric constant of a
dielectric;

FIG. 4 is a graph illustrating how exposure to radiation at
varying photon energies can affect an elastic modulus of a
dielectric; and

FIG. 5 is a graph illustrating the IV characteristics of
UV/VUV-cured SiCOH samples compared with the UV
cured SiCOH samples.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled in
the art will understand the concepts of the disclosure and
will recognize applications of these concepts not particularly
addressed herein. It should be understood that these con-
cepts and applications fall within the scope of the disclosure
and the accompanying claims.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first
element, without departing from the scope of the present
disclosure. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that when an element such as a layer,
region, or substrate is referred to as being “on” or extending
“onto” another element, it can be directly on or extend
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directly onto the other element or intervening elements may
also be present. In contrast, when an element is referred to
as being “directly on” or extending “directly onto” another
element, there are no intervening elements present. Like-
wise, it will be understood that when an element such as a
layer, region, or substrate is referred to as being “over” or
extending “over” another element, it can be directly over or
extend directly over the other element or intervening ele-
ments may also be present. In contrast, when an element is
referred to as being “directly over” or extending “directly
over” another element, there are no intervening elements
present. It will also be understood that when an element is
referred to as being “connected” or “coupled” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected”
or “directly coupled” to another element, there are no
intervening elements present.

Relative terms such as “below” or “above” or “upper” or
“lower” or “horizontal” or “vertical” may be used herein to
describe a relationship of one element, layer, or region to
another element, layer, or region as illustrated in the Figures.
It will be understood that these terms and those discussed
above are intended to encompass different orientations of the
device in addition to the orientation depicted in the Figures.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the disclosure. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises,” “compris-
ing,” “includes,” and/or “including” when used herein
specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that is consistent with their meaning in the context
of this specification and the relevant art and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.

The present disclosure relates to a low-k dielectric and
method of forming the same. Related devices, methods, and
systems are also disclosed. According to an exemplary
method of forming the low-k dielectric, providing a sub-
strate and forming a dielectric including porogens over the
substrate is disclosed. The dielectric is subject to a first
pressure greater than 10 Torr. While subjecting the dielectric
to the first pressure, the dielectric is exposed to ultraviolet
(UV) radiation having one or more photon energies less than
or equal to seven electron volts (7 eV). The dielectric is also
subject to a second pressure less than 1x10~> Torr. While
subjecting the dielectric to the second pressure, the dielectric
is exposed to vacuum UV (VUV) radiation having one or
more photon energies greater than 7 eV.

Since it is difficult for VUV radiation to travel through a
medium at a pressure greater than 10 Torr without being
absorbed by intervening materials, subjecting the dielectric
to the second pressure less than 1x107> Torr creates a
medium wherein the dielectric can be exposed to the VUV
radiation. By exposing the dielectric to UV and VUV
radiation, the dielectric can achieve a reduced dielectric
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constant as well as increased mechanical properties. In some
aspects, the dielectric is an organosilicate. In other aspects,
the dielectric is not heated by an external heat source during
the exposure to the UV radiation and the exposure to the
VUV radiation. In some aspects, the dielectric is exposed to
the UV radiation before it is exposed to the VUV radiation.

FIG. 1 is a flowchart of an exemplary process for forming
a low-k dielectric. FIGS. 2A-2D are cross-sectional views
that graphically illustrate the process. The process begins
with providing a substrate 10, as illustrated in FIG. 2A (step
100). The substrate 10 can include materials such as, but not
limited to, silicon (Si), copper (Cu), aluminum (Al), and the
like.

Next, a dielectric 12 is formed over the substrate 10, as
illustrated in FIG. 2B (step 102). The dielectric 12 includes
porogens 14, which are particles that leave pores (i.e., voids
or cavities) upon removal. The dielectric 12 can include
materials such as, but not limited to, SICOH and/or organo-
silicates, and can be formed over the substrate 10 using
processes such as, but not limited to, plasma-enhanced
chemical-vapor deposition (PECVD) and/or sputter deposi-
tion. The porogens 14 are included in the dielectric 12 to be
used in a later step to decrease the dielectric constant by
creating pores. The porogens 14 can include materials such
as, but not limited to, hydrocarbons, and/or other porogens,
and can be incorporated into the dielectric 12 using pro-
cesses such as, but not limited to, PECVD, sputter deposi-
tion, atomic layer deposition, and/or physical vapor depo-
sition. The porogens 14 can be included in the dielectric 12
in concentrations in ranges such as, but not limited to, from
approximately zero to approximately 100%.

After the dielectric 12 is formed, the dielectric 12 is
subjected to a first pressure greater than 10 Torr (step 104)
and then exposed to UV radiation 16 having one or more
photon energies less than or equal to 7 eV (i.e,, 177 nm
wavelength) while subjecting the dielectric 12 to the first
pressure (step 106), as illustrated in FIG. 2C. The dielectric
12 can be situated in a vacuum chamber having a controlled
pressure environment in order to subject the dielectric 12 to
the first pressure. In this manner, the permeability and
permittivity of the medium through which the UV radiation
16 travels to the dielectric 12 can be controlled. The vacuum
chamber can include devices such as, but not limited to,
devices made of glass, stainless steel, aluminum, brass,
copper, polymers, and/or other plastics, and can be designed
to create pressures such as, but not limited to, between 1000
Torr and 1x107'2 Torr when applying the UV radiation 16.
For example, the first pressure can be between 10 Torr and
up to and including 1000 Torr.

As illustrated in FIG. 2C, the UV radiation 16 is normally
incident on a top surface 18 of the dielectric 12 and has a
photon energy of about 6.2 eV. The UV radiation 16 can be
generated by devices such as, but not limited to, a synchro-
tron, a plasma reactor, and/or a device configured to provide
exposure to radioactive materials. The UV radiation 16
having one or more photon energies less than or equal to 7
eV can also include UV radiation in ranges such as, but not
limited to, between 3 eV (413 nm) and 7 eV, between 5.5 eV
(225.27 nm) and 7 eV, and between 6 eV (206.5 nm) and 6.5
eV (190.62 nm). By exposing the dielectric 12 to the UV
radiation 16, the porogens 14 can be removed, leaving pores
20, as illustrated in FIG. 2D. The pores 20 are essentially air
or other gas-filled voids or cavities.

Since air has a very low dielectric constant (where k is
approximately one (1)), the pores 20 can make the dielectric
constant of the dielectric 12 much lower than that of a solid
dielectric. However, generating the pores 20 in the dielectric
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12 can reduce the mechanical integrity of the dielectric 12 by
reducing the elastic modulus and/or the hardness of the
dielectric 12. To increase the mechanical integrity of the
dielectric 12, the dielectric 12 is exposed to the UV radiation
16; however, exposing the dielectric 12 to the UV radiation
16 for too long can increase the dielectric constant of the
dielectric 12. Exposing the dielectric 12 to the UV radiation
16 can also increase the number of trapped charges within
the dielectric 12. Further, porogen residue not removed by
the UV radiation 16 can induce a higher conductivity within
the dielectric 12 that can result in increased leakage current
and a decreased breakdown voltage.

Thus, to maintain mechanical integrity while keeping the
dielectric constant low, the dielectric 12 is subjected to a
second pressure less than 1x10~> Torr, which is a vacuum
(step 108) and then exposed to VUV radiation 22 having one
or more photon energies greater than 7 eV, while subjecting
the dielectric 12 to the second pressure (step 110). The
second pressure can be created by the vacuum chamber
discussed above or by devices such as, but not limited to,
devices made of glass, stainless steel, aluminum, brass,
copper, polymers, and/or other plastics. The second pressure
can have a pressure such as, but not limited to, less than
1x10~* Torr, between 1x10™* Torr and 1x10~7 Torr, approxi-
mately 1x10~> Torr, and/or between 1x10™* Torr and
approximately 1x107*2 Torr when applying the VUV radia-
tion 22 (step 110), as illustrated in FIG. 2D. Since the
dielectric 12 is exposed to the UV radiation 16 before it is
exposed to the VUV radiation 22 in this example, the
porogens 14 illustrated in FIGS. 2B and 2C have been
removed to form the pores 20 in FIG. 2D. However, porogen
residue may still be present in the dielectric 12.

In the example illustrated in FIG. 2D, the VUV radiation
22 is normally incident on the top surface 18 of the dielectric
12 and has a photon energy of about 8.8 eV. Further, the
VUV radiation 22 in this example has a photon fluence of
approximately 1x10'° photons per centimeter squared,
which is the amount of radiation energy (i.e., the number of
photons) delivered to a unit area. In other embodiments, the
photon fluence can have values such as, but not limited to,
greater than or equal to 1x10** photons per centimeter
squared, greater than or equal to 1x10"> photons per centi-
meter squared, between 1x10'* photons per centimeter
squared and 1x10'® photons per centimeter squared,
between 1x10'* photons per centimeter squared and 1x10*7
photons per centimeter squared, and between 1x10'® pho-
tons per centimeter squared and 1x10'¢ photons per centi-
meter squared in different embodiments. The VUV radiation
22 can be generated by devices such as, but not limited to,
a synchrotron, a plasma reactor, and/or a device configured
to provide exposure to radioactive materials. The VUV
radiation 22 having one or more photon energies greater than
7 eV can include VUV radiation in ranges such as, but not
limited to, between 7.25 eV (170.9 nm) and 12 eV (103.25
nm), between 8 eV (154.88 nm) and 9.5 eV (130.42 nm), and
between 8.3 eV (149.28 nm) and 8.9 eV (139.21 nm).

By exposing the dielectric 12 to the VUV radiation 22, the
number of trapped charges in the dielectric 12 can be
reduced, because the trapped charges can absorb energy
from the VUV radiation 22 and be photoemitted. Further, the
VUV radiation 22 can remove the porogen residue still
present in the dielectric 12. In this manner, defect states can
be passivated and electrical activity mitigated since trapped
charges are shifted out of the band-gap of the dielectric 12.
In the illustrated embodiments, the dielectric 12 can have a
dielectric constant such as, but not limited to, between 2.75
and 2.65, and/or between 3.00 and 2.00 before being
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exposed to the UV radiation 16 and the VUV radiation 22.
The dielectric 12 can have an elastic modulus such as, but
not limited to, between 5.3 and 5.7 gigapascals (GPa) before
being exposed to the UV radiation 16 and the VUV radiation
22.

As indicated above, the VUV radiation 22 can also
enhance the mechanical properties of the dielectric 12. In at
least some embodiments, the mechanical properties of the
dielectric 12 can be enhanced when the VUV radiation 22
has one or more photon energies greater than 8.2 eV (151.1
nm). In this example, the VUV radiation 22 equal to 8.8 eV
can provide such enhanced mechanical properties. The VUV
radiation 22 may enhance the mechanical properties, such as
the elastic modulus or the hardness of the dielectric 12, in
this example, by allowing a photon-assisted reaction that
increases the number of bridging Si—O—Si bonds in the
dielectric 12. The VUV radiation 22 may also enhance the
mechanical properties of the dielectric 12 by providing a
more pronounced conversion of the Si—O—Si bond from a
cage configuration to a more energetically stable network.

FIGS. 3 and 4 are graphs 300 and 400, respectively, which
illustrate how exposure to radiation at varying photon ener-
gies can affect the dielectric constant and the elastic modulus
of the dielectric 12. As such, the graphs 300 and 400 in
FIGS. 3 and 4 are discussed with respect to the exemplary
process steps illustrated in FIGS. 1 and 2A-2D. The photon
energy on the X-axis of each of the graphs 300 and 400
illustrates the amount of energy each photon has at a given
radiation value. Each photon energy corresponds to a wave-
length of each radiation value. For example, the UV radia-
tion 16 in FIG. 2C has a photon energy of 6.2 eV and a
wavelength of 199.84 nm, while the VUV radiation 22 in
FIG. 2D has a photon energy of 8.8 eV and a wavelength of
140.8 nm. Throughout this application, the corresponding
wavelength of a given photon energy may be included in
parentheses following the photon energy in eV.

In FIG. 3, the Y-axis of the graph 300 illustrates the
dielectric constant, or k-value of the dielectric 12 at varying
radiation values. As discussed above, by exposing the
dielectric 12 to the UV radiation 16, the porogens 14 in the
dielectric 12 can be removed, leaving pores 20 having a very
low dielectric constant (where k is approximately one (1)).
In this manner, and as shown on the graph 300 in FIG. 3, the
dielectric constant can be reduced to 2.43 at a photon energy
of 6.2 eV. Relative to the k-value of 2.65 of the dielectric 12
before irradiation (i.e., the pristine line), and the k-value of
2.55 of the dielectric 12 after conventional UV curing, the
k-value of 2.43 illustrated in the graph 300 in FIG. 3 allows
the dielectric 12 to have a lower dielectric constant. In this
regard, exposing the dielectric 12 to the UV radiation 16 can
reduce the dielectric constant of the dielectric 12 to a
desirable value.

In FIG. 4, the Y-axis of the graph 400 illustrates the elastic
modulus in GPa of the dielectric 12 at varying radiation
values. As discussed above, by exposing the dielectric 12 to
the VUV radiation 22, the mechanical properties (such as
elastic modulus) of the dielectric 12 can be enhanced. In this
manner, and as shown on the graph 400 in FIG. 4, the elastic
modulus can be increased to 6.0 GPa at a photon energy of
8.8 eV. Relative to the elastic modulus of 5.5 of the dielectric
12 before irradiation (i.e., the pristine line), the elastic
modulus of 6.0 illustrated in the graph 400 in FIG. 4
provides the dielectric 12 with enhanced mechanical
strength. Compared to the elastic modulus of 6.0 of the
dielectric 12 after conventional UV curing however, the
elastic modulus of the dielectric 12 after being exposed to
VUV radiation 22 is approximately the same.
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Thus, as illustrated in graphs 300 and 400 in FIGS. 3 and
4, using a multi-step UV/VUV process can improve the
mechanical properties of the dielectric 12 comparable to
conventional UV curing, while lowering the dielectric con-
stant of the dielectric 12 relative to conventional UV curing.
An additional benefit of using the multi-step UV/VUV
process discussed above is that the dielectric 12 does not
need to be heated by an external heat source during the
exposure to the UV radiation 16 and/or the exposure to the
VUV radiation 22. In conventional UV curing processes, the
dielectric 12 can be heated by an external heat source during
exposure to the UV radiation 16 to accelerate the removal of
the porogens 14. Since curing temperatures and the thermal
budget in the back end of line are often restricted, supplying
the additional energy typically provided by thermal energy
in the form of VUV radiation can reduce the thermal costs
associated with increased UV curing temperatures.

In the following paragraphs, additional examples and
experimental data are included.

Methods of curing low-k dielectric organosilicates that
include porogens are provided. The methods can be carried
out on films of the dielectric organosilicates after they are
deposited onto a substrate. The post-deposition treatments
expose the films sequentially to UV and VUV radiation to
decompose porogens in the organosilicates and to improve
their electrical and mechanical properties. The VUV photon
energies and the UV photon energies can be selected to
provide these results without the need for externally heating
the dielectric and minimizing damage to the dielectric.

In at least one example, it will be shown that multi-energy
photon irradiation in both the UV and VUV regions (6.2 eV
and 8.8 eV, respectively) can improve the electrical and
mechanical properties of low-k dielectrics simultaneously
and overcome the drawbacks of UV curing without the need
for thermal processing. By comparing the performance of
UV curing and UV/VUV curing, it was found that the
optimized UV/VUV-cured samples could achieve a lower
dielectric constant compared with UV-cured samples. The
mechanical properties after this processing were also
improved. These investigations show that the optimum
photon energies for the post-deposition treatment of SICOH
exist as a combined UV/VUYV process that can be utilized as
a next-generation curing method for low-k material deposi-
tion technologies.

The selection of the particular wavelengths of the photons
is an important parameter for dielectric curing and is related
to the dissociation energy of chemical bonds in the SICOH
matrix structures. In previous work, it has been shown that
C-Hx bond-dissociation energy is approximately 5.9-6.0 eV
(see H. Zheng, E. T. Ryan, Y. Nishi and J. L. Shohet, “Effect
of vacuum-ultraviolet irradiation on the dielectric constant
of low-k organosilicate dielectrics”, Appl. Phys. Lett. 105,
202902 (2014)) and Si—O bond-conversion energy is
around 8.3 eV (see H. Zheng, “Vacuum Ultraviolet Curing
of Low-k Organosilicate Dielectrics”, Doctoral dissertation.
University of Wisconsin-Madison, Madison, Wis. (2016)).
In this work, samples were irradiated with monochromatic
VUV-synchrotron radiation. The advantage of a synchrotron
is that it generates radiation with no charged particles and
can be varied over a continuum of photon energies. This
provides direct information on how photon irradiation
affects the properties of porous low-k thin films. Here,
SiCOH samples were exposed to various photon energies
from 6.0 eV to 8.9 eV in steps of 0.1 eV. Energies higher
than 8.9 eV can cause significant charge accumulation and
damage the dielectrics so they were eliminated. The opti-
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mum photon-energy ranges that can simultaneously improve
electrical and mechanical properties of low-k thin films can
then be found.

The VUV photon beam was oriented to be normally
incident on the surface of 640-nm low-k porous SiCOH
samples (k=2.65) at a pressure of 10~® Torr. The samples
used in this work were deposited by PECVD on <100>
p-type silicon wafers, and deposition took place in a capaci-
tively coupled PECVD reactor utilizing a 13.56 megahertz
(MHz) radio frequency (RF) source in the presence of
several inert and reactive gases with an organosilane pre-
cursor. The VUV beam on the surface of the wafer had a
cross-sectional area of 2.5x0.1 cm?, and the exit slit width
of the synchrotron beam monochromator was set to 500
micrometers (um) to maximize the photon flux. The accu-
mulated photon fluence for each exposure was chosen to be
1x10* photons/cm®, which is comparable to the VUV
photon fluence emitted during a typical plasma process. The
dielectric constant was obtained from capacitance-voltage
(C-V) characteristics of the SiICOH samples measured with
a Signatone H-150 W probe station. Mechanical properties
such as elastic modulus and hardness of the tested samples
were found from nanoindentation measurements. The hard-
ness of UV-cured SiCOH increases and then decreases with
the increased indentation depth, thus forming a peak. It is not
clear at present about the mechanism that causes the hard-
ness parameter to first increase and then decrease at small
indentation depths. Wang and Grill et al. (see L. Wang, M.
Ganor, S. I. Rokhlin and A. Grill, “Nanoindentation analysis
of mechanical properties of low to ultralow dielectric con-
stant SiCOH films”, J. Mater. Res, 20 2080 (2005)) hypoth-
esized that this phenomenon is caused by the non-uniform
distribution of pores within SiCOH after curing. That is, if
there are more pores at a layer near the surface of SiCOH,
the measured hardness will be small. Then if the indentation
depth increases, and there are fewer pores in the deeper
layers of SiCOH, the measured hardness will be higher. If
the indenter moves further within the low-k thin films, and
if there are more pores in the even deeper layers of SiICOH,
the hardness will decrease again. Another possibility is that
the phenomenon might be due to the nanoindenter crushing
the pores and increasing the density as it moves deeper into
the sample (see H. Zheng, “Vacuum Ultraviolet Curing of
Low-k Organosilicate Dielectrics,” Doctoral dissertation.
University of Wisconsin-Madison, Madison, Wis. (2016)). It
is much like an airplane wing moving through the air or a
boat going through the water: for the airplane wing, the air
compression changes with distance in front of the wing and
for the boat, water could occupy a larger volume in front of
the boat but then it swells up. Therefore, the hardness of
UV-cured SiCOH increases and then decreases with the
increased indentation depth. Since there is no porosity
(pores) generated in uncured samples, as-deposited SICOH
samples do not exhibit this phenomenon. Thus, in this work,
the elastic modulus is utilized to represent the performance
of mechanical properties of SICOH.

A probe station (Signatone H-150 W) with a low-power
optical microscope was used to make contact with a fabri-
cated Metal-Insulator-Silicon (MIS) structure for all of the
electrical measurements in this project. This probe station
had three movable micro-positioners with 5 um diameter
tungsten probe tips (Signatone SE-T) (see M. T. Nichols, K.
Mavrakakis, Q. Lin and J. L. Shohet, “The effects of plasma
exposure and vacuum ultraviolet irradiation on photopat-
ternable low-k dielectric materials”, J. Appl. Phys. 114,
104107 (2013)). The sample under test was positioned on an
electrically-floating stainless-steel wafer platen that can be
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moved with submicron resolution in the x-y plane using
micrometers. A 300-nm titanium metal layer was deposited
on the surface of the dielectric to form an MIS structure.
Electrical contact was made to the semiconducting substrate
by connecting one of the tungsten probes to the wafer plate.
Electrical contact to the metal pads was made by carefully
lowering the tungsten probe tip to the metal surface. The
probe tip was held at an oblique angle relative to the sample
surface to minimize damaging the electrode by the sharp
point of the tip (see R. S. Muller and T. I. Kamins, Device
Electronics for Integrated Circuits, John Wiley & Sons, New
York, (2003)). Specific care was taken to ensure that stray
light and electrical noise did not influence any of the
measurements. This was accomplished by placing an elec-
trically-shielded dark box over the entire probe station for
each measurement.

For current-voltage measurements, a computer-controlled
combination high-voltage supply and picoammeter was used
(Keithley 6487), while for C-V measurements, an HP 4285A
precision inductance-capacitance-resistance (LCR) meter
was utilized instead. The measurements of the MIS C-V
characteristics were made in the high-frequency regime (~1
MHz). Specially written LabVIEW instrumentation soft-
ware was used to automate the data collection.

The elastic modulus (E;) and Meyer hardness (H), of
SiCOH films were investigated with a Hysitron (Minneapo-
lis, JVIN, USA) Triboindenter equipped with a Berkovich
probe and operated in open-loop mode. The machine com-
pliance was evaluated using data from a series of indents
with different loads placed in the center of a fused-silica
standard and the SYS correlation (see D. S. Stone, K. B.
Yoder, and W. D. Sproul, “Hardness and elastic modulus of
TiN based on continuous indentation technique and new
correlation”, J. Vac. Sci. Technol. A 9, 2543 (1991)). Both
calibration and SiCOH experiments utilized a load-control
indent including an initial 20-nm lift-off and re-approach in
order to define the initial contact point accurately. This was
followed by a five second (5 s) loading, a 5 s hold at
maximum load (Pmax), a 2 s unloading to 40% of the Pmax,
a 60 s hold at 40% Pmax to remove thermal-drift effects, and
a1 s final unload. After correcting the fused silica load-depth
traces for machine compliance, a series of indents were used
to calculate the area function (see X. Guo, J. E. Jakes, M. T.
Nichols, S. Banna, Y. Nishi and J. L. Shohet, “The effect of
water uptake on the mechanical properties of low-k organo-
silicate glass™, J. Appl. Phys. 114, 084103 (2013)) following
the standard Oliver-Pharr method (see W. C. Oliver and G.
M. Pharr, “An improved technique for determining hardness
and elastic modulus using load and displacement sensing
indentation experiments”, J. Mater. Res. 7, 1564 (1992)). All
nanoindentation experiments were carried out at room tem-
perature in air ambient.

It should be noted that since the usual nanoindentation
procedures rely on hardness (H) and elastic modulus (E,_)
readings generated by the nanoindentation instrument based
on the penetration depth and indenter shape, the substrate of
a thin film will have an increased effect on H and Eas the
penetration depth increases. For thin films deposited on a
hard substrate, as is the case of porous low-k films on a Si
substrate, the results are usually overestimated and uncon-
vincing if the effects of the hard substrate are not considered.
Also, for the porous structure of SiCOH, film densification
underneath the probe could be significant during the inden-
tation process, which brings additional challenges to nanoin-
dentation analysis. To solve these problems, Stone’s algo-
rithms (see D. S. Stone, K. B. Yoder and W. D. Sproul,
“Hardness and elastic modulus of TiN based on continuous
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indentation technique and new correlation”, J. Vac. Sci.
Technol. A, 9, 2543 (1991) and D. S. Stone, “Elastic rebound
between an indenter and a layered specimen: part 1. model”,
J. Mater. Res., 13,3207 (1998)) were utilized to compare the
experimental nanoindentation measurements as a function
of indent size with Stone’s theoretical simulations (see D. S.
Stone, “Elastic rebound between an indenter and a layered
specimen: part I. model”, J. Mater. Res., 13, 3207 (1998)).

The thickness of the dielectric layer was measured with a
Filmetrics F-20 Optical reflectometer in the clean room at
the Wisconsin Center for Microelectronics (WCAM) and
confirmed with a Rudolph AutoELII-Vis-3 Ellipsometer.
Both the reflectometer and the ellipsometer use algorithms
to calculate the dielectric thickness. Initial values (such as
the approximate value of thickness and refractive index of
the tested samples) need to be entered into the software to
start the calculation. The ellipsometer can make an accurate
measurement if the approximate value of both the thickness
and the refractive index are known. In this case, however,
only the thickness of the tested sample (around 500 nm) is
known, so we rely on the reflectometer measurements. The
measured refractive index from the reflectometer is also
used as an initial input in the ellipsometer along with the
measured thickness of the tested sample to make sure the
result is convincing.

Table 1 shows the dielectric constants of the test samples
after photon exposure and Table 2 summarizes the changes
to the elastic modulus (E,) of the samples after exposure.
The percentage changes of these properties were all calcu-
lated based on the same measurements made for the as-
deposited (no exposure) samples.

TABLE 1

Effect of VUV irradiation on dielectric constant of SiCOH as a
function of photon energy (photon fluence 10" photons/cm?)

Tested Sample (SiCOH) under
different photon irradiations

K value (measured in 1 MHz)
by probe station

0eV 2.65
4.5¢eV 2.74
5.0eV 2.73
55eV 2.71
59eV 2.70
6.0 eV 2.63
6.1 eV 2.51
6.2 eV 2.43
6.3 eV 2.51
6.5eV 2.53
7.0 eV 2.56
8.0 eV 2.59
8.2eV 2.54
84 eV 2.57
8.6 eV 2.60
8.8 eV 2.62
8.9 eV 2.63

UV cured sample 2.55

TABLE 2

Elastic modulus (E,) of tested samples after VUV
exposure (photon fluence 10'° photons/cm?)

Elastic Percentage
Exposure modulus changes in
Material conditions (GPa) modulus
as-deposited 6.0-8.2 eV 55+02 0
as-deposited 8.3 eV 5.8 +0.1 5.9%
as-deposited 8.4 eV 5.6+0.1 3.1%
as-deposited 8.5 eV 5.6+0.1 3.0%
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TABLE 2-continued

Elastic modulus (E,) of tested samples after VUV
exposure (photon fluence 10'> photons/cm?)

Elastic Percentage
Exposure modulus changes in
Material conditions (GPa) modulus

as-deposited 8.6 eV 57 =01 4.3%
as-deposited 8.7 eV 58 0.2 6.1%
as-deposited 8.8 eV 6.0 £0.2 8.8%
as-deposited 89 eV 59 =01 7.6%
as-deposited — 6.0 £0.1 9.1%

Since 6.2 eV exposure achieved the best performance to
lower the dielectric constant of SICOH while 8.8 eV VUV
exposure achieved the best improvement in the elastic
modulus, the performance of these monochromatically-
cured tested samples was compared with the UV-cured
samples and is shown in Table 3. The improvement of the
electrical and mechanical properties may be explained by
porogen removal and strength enhancement of the backbone
structures of the low-k tested samples.

TABLE 3

Comparison of monochromatic VUV curing and UV
curing (photon fluence 10> photons/cr®)

K value Elastic Modulus (GPa)
6.2 eV exposed 243 5.5
8.8 eV exposed 2.62 6.0
UV cured 2.55 6.0

It was found that none of the monochromatic VUV
exposures achieved the purpose of improving both the
electrical and mechanical properties of tested low-k dielec-
trics. That is, the lower-energy curing (6.2 eV) could achieve
a much lower dielectric constant compared with the UV-
cured samples. However, this energy may not be sufficient to
improve the mechanical properties of the sample. Instead,
8.8 eV photons may improve the mechanical properties of
the low-k thin films at a level comparable to conventionally
UV-cured samples, but here, the dielectric constant can be
much higher due to carbon loss (methyl dissociation) and
incomplete porogen removal. Therefore, a multi-step
UV/VUYV curing was determined to best achieve the goal of
improving both electrical and mechanical properties simul-
taneously without the need for thermal heating.

The multi-energy method is as follows. First, the samples
were exposed to 6.2 eV photons to remove the porogen
residues. Then, the samples were re-exposed to 8.8 eV VUV
photons to enhance the mechanical properties of low-k
dielectrics. No thermal heating was used.

The results are shown in Table 4. In using this method, it
was found that the multi-step UV/VUV curing can achieve
the mechanical property improvement of low-k dielectrics
that is comparable to the UV curing while the dielectric
constant is much lower. The curing performance of 6.2
eV+8.8 eV and 8.8 eV+6.2 eV irradiation were tested, and
the order of irradiation did not affect the experimental
results. However, it is recommended to first irradiate with
UV (6.2 V) followed by VUV (8.8 eV) irradiation since a
lower dielectric constant is always the most important issue
for SiCOH, and the UV wavelength alone might lower the
dielectric constant without inducing bad effects such as
methyl group dissociation. As a result, porogen removal
could be tracked during the UV irradiation in the first step
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without changing any methyl, Si—O, and other related
chemical bonds. Once the porogens are removed, the photon
irradiation should be switched to the VUV range to improve
the mechanical properties. If VUV irradiation is undertaken
at first, the relatively high-energy VUV photons could start
to break chemical bonds, and in-situ measurements or test-
ing may not be helpful. Therefore, UV/VUV curing is
recommended.

TABLE 4

Comparison of optimized multi-step
UV/VUV curing and UV
curing (photon fluence 10> photons/cm?)

K value Elastic Modulus (GPa)
8.8 eV + 6.2 eV exposed 2.51 6.0
Industrially UV cured 2.55 6.0

Moreover, the IV characteristics show that the multi-step
UV/VUYV cured SiCOH samples achieved a lower leakage
current and higher breakdown voltage compared with the
UV-cured samples in this example. The result is shown in
FIG. 5. For each IV curve, seven test structures were
measured and averaged to minimize experimental error.
UV/VUV-cured SiCOH shows an increase in the breakdown
voltage (Vbet) of the SiICOH sample compared with the
conventionally UV-cured low-k SiCOH samples (427.5£2.5
V versus 3955 V). It also shows a good improvement in
reliability for low-k dielectrics after UV/VUV curing. This
is believed to be due to the sufficient removal of porogens in
low-k thin films since the conductivity of porogen residues
is much higher than the backbone of low-k dielectrics.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more.”

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.

The following references may aid in the understanding of
related concepts and as such are hereby incorporated herein
by reference in their entirety:

H. Zheng, E. T. Ryan, Y. Nishi and J. L. Shohet, “Effect of
vacuum-ultraviolet irradiation on the dielectric constant
of low-k organosilicate dielectrics”, Appl. Phys. Lett. 105,
202902 (2014);
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H. Zheng, “Vacuum Ultraviolet Curing of Low-k Organo-
silicate Dielectrics”, Doctoral dissertation. University of
Wisconsin-Madison, Madison, Wis. (2016);

L. Wang, M. Ganor, S. 1. Rokhlin and A. Grill, “Nanoin-
dentation analysis of mechanical properties of low to
ultralow dielectric constant SICOH films”, J. Mater. Res,
20 2080 (2005);

M. T. Nichols, K. Mavrakakis, Q. Lin and J. L.. Shohet, “The
effects of plasma exposure and vacuum ultraviolet irra-
diation on photopatternable low-k dielectric materials”, J.
Appl. Phys. 114, 104107 (2013);

R. S. Muller and T. 1. Kamins, Device Electronics for
Integrated Circuits, John Wiley & Sons, New York,
(2003);

X. Guo, J. E. Jakes, M. T. Nichols, S. Banna, Y. Nishi and
J. L. Shohet, “The effect of water uptake on the mechani-
cal properties of low-k organosilicate glass”, J. Appl.
Phys. 114, 084103 (2013);

W. C. Oliver and G. M. Pharr, “An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments”, J. Mater.
Res. 7, 1564 (1992);

D. S. Stone, K. B. Yoder and W. D. Sproul, “Hardness and
elastic modulus of TiN based on continuous indentation
technique and new correlation”, J. Vac. Sci. Technol. A, 9,
2543 (1991); and

D. S. Stone, “Elastic rebound between an indenter and a
layered specimen: part 1. model”, J. Mater. Res., 13, 3207
(1998).

What is claimed is:

1. A method comprising:

providing a substrate;

forming a dielectric comprising porogens over the sub-

strate;
subjecting the dielectric to a first pressure greater than 10
Torr;

while subjecting the dielectric to the first pressure, expos-
ing the dielectric to ultraviolet (UV) radiation having
one or more photon energies less than or equal to seven
electronvolts (7 eV);

subjecting the dielectric to a second pressure less than

1x1072 Torr;

while subjecting the dielectric to the second pressure,

exposing the dielectric to vacuum UV (VUV) radiation
having one or more photon energies greater than 7 eV.

2. The method of claim 1, wherein the dielectric com-
prises an organosilicate.

3. The method of claim 2, wherein a dielectric constant of
the dielectric is at least two percent (2%) lower than before
being exposed to the UV radiation and the VUV radiation.

4. The method of claim 2, wherein an elastic modulus of
the dielectric is at least five percent (5%) higher than before
being exposed to the UV radiation and the VUV radiation.

5. The method of claim 1, wherein:

the UV radiation has one or more photon energies

between 3 eV and 7 eV; and

the VUV radiation has one or more photon energies

between 7.25 eV and 12 eV.

6. The method of claim 5, wherein the dielectric com-
prises an organosilicate.

7. The method of claim 1, wherein:

the UV radiation has one or more photon energies

between 5.5 eV and 7 eV, and

the VUV radiation has one or more photon energies

between 8 eV and 9.5 eV.

8. The method of claim 7, wherein the dielectric com-
prises an organosilicate.
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9. The method of claim 7, wherein the dielectric is not
heated by an external heat source during the exposure to the
UV radiation and the exposure to the VUV radiation.

10. The method of claim 1, wherein the VUV radiation
has one or more photon energies between 8.3 eV and 8.9 eV.

11. The method of claim 10, wherein the UV radiation has
one or more photon energies between 6 eV and 6.5 eV.

12. The method of claim 11, wherein the dielectric com-
prises an organosilicate.

13. The method of claim 12, wherein the dielectric is not
heated by an external heat source during the exposure to the
UV radiation and the exposure to the VUV radiation.

14. The method of claim 13, wherein the second pressure
is between 1x107* Torr and 1x1077 Torr.

15. The method of claim 11, wherein the UV radiation has
one or more photon energies of about 6.2 eV.

16. The method of claim 10, wherein the VUV radiation
has one or more photon energies of about 8.8 eV.

17. The method of claim 1, wherein:

the first pressure is greater than 10 Torr and less than or
equal to 1000 Torr; and

the second pressure is less than 1x10™* Torr.

18. The method of claim 1, wherein the dielectric is
exposed to the UV radiation before it is exposed to the VUV
radiation.

19. The method of claim 1, wherein the VUV radiation is
normally incident on a surface of the dielectric.

20. The method of claim 1, wherein the dielectric is not
heated by an external heat source during the exposure to the
UV radiation and the exposure to the VUV radiation.

21. The method of claim 1, wherein the VUV radiation
has a photon fluence greater than or equal to 1x10"* photons
per centimeter squared.

22. The method of claim 1, wherein the VUV radiation
has a photon fluence greater than or equal to 1x10*° photons
per centimeter squared.

23. The method of claim 1, wherein the VUV radiation
has a photon fluence greater than or equal to 1x10"* photons
per centimeter squared and less than or equal to 1x10'S
photons per centimeter squared.

24. The method of claim 1, wherein the VUV radiation
has a photon fluence greater than or equal to 1x10"* photons
per centimeter squared and less than or equal to 1x10%7
photons per centimeter squared.

25. The method of claim 1, wherein the VUV radiation
has a photon fluence greater than or equal to 1x10"° photons
per centimeter squared and less than or equal to 1x10%S
photons per centimeter squared.

26. The method of claim 1, wherein:

a dielectric constant of the dielectric is at least two percent
(2%) lower than before being exposed to the UV
radiation and the VUV radiation; and

the VUV radiation has a photon fluence greater than or
equal to 1x10'* photons per centimeter squared and
less than or equal to 1x10'® photons per centimeter
squared.

27. The method of claim 1, wherein:

a dielectric constant of the dielectric is greater than or
equal to 2.4 and less than or equal to 2.75 after being
exposed to the UV radiation and the VUV radiation;
and

the VUV radiation has a photon fluence greater than or
equal to 1x10™* photons per centimeter squared and
less than or equal to 1x10'® photons per centimeter
squared.
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28. The method of claim 1, wherein:

a dielectric constant of the dielectric is greater than or
equal to 2.43 and less than or equal to 2.74 after being
exposed to the UV radiation and the VUV radiation;
and

the VUV radiation has a photon fluence greater than or
equal to 1x10'* photons per centimeter squared and
less than or equal to 1x10'® photons per centimeter
squared.

29. The method of claim 1, wherein:

the first pressure is greater than 10 Torr and less than or
equal to 1000 Torr;

the second pressure is between 1x10~* Torr and 1x10~7
Torr; and

the VUV radiation has a photon fluence greater than or
equal to 1x10'* photons per centimeter squared and
less than or equal to 1x10'7 photons per centimeter
squared.
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