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FIGURE 1

(57) Abstract: A method for densifying thermoplastics, particularly polyimides, for use in conjunction with electronic circuits while
producing improved physical propetties and a high degree of crystallinity, involves variable frequency microwave (VFM) processing
at temperatures typically 100°C below the glass transition temperature or lower, for times of about 50 to 100 minutes. It is particu-
larly applicable to polymers based on BPDA-PPD, but may also be generally applied to other intentionally designed polyimide struc-
tures with the same features. The invention enables the creation of layered structures involving integrated circuits with small feature
sizes and overcoatings of polymers with high T, and other desirable properties.
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METHOD OF CURING THERMOPLASTICS WITH MICROWAVE ENERGY

BACKGROUND OF THE INVENTION

[0001] Field of the Invention

[0002] The invention pertains to apparatus and methods for densifying thermopiastic
polymers, and more particularly to methods for creating dense thermoplastic films with

improved crystallinity on selected substrates.

[0003] Description of Related Art

[0004] Polyimides are attractive materials for the microelectronics industry because of
their excellent mechanical, electrical, and chemical properties. The process time for
conventional thermal curing typically ranges from 4 to 6 hours; slow temperature ramp
rates and extended hold times at various temperatures are needed to allow for slow
reaction rates, outgassing of reaction by-products and solvent, and orientation of
polymer chains. Reducing the processing time required to cure these polymers would

increase throughput and reduce overall production costs.

[0005] Polyamic acid based polyimides such as 3, 3', 4, 4-biphenyltetracarboxylic acid
dianhydride (BPDA) with p-phenylenediamine (PPD) are desirable for electronic
packaging applications where a low residual stress dielectric is essential. Many of the
unique properties of this polymer are attributed to the rigid nature of its backbone and
the high degree of orientation that occurs during cure. This orientation is critical to
achieving the low coefficient of thermal expansion (CTE), creating a low stress film.

[0006] One obvious shortcoming of this type of polymer system is the high cure
temperature (typically 350°C), which precludes its use in many advanced
semiconductor systems, where the small feature size and correspondingly reduced

diffusion distances severely limit the thermal budget available for the various process
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steps. For instance, a recent paper reported desirable properties of this polymer
system, Table 1, but all of the films reported had been processed at 310-350°C,
whether by conventional oven curing, rapid hotplate curing, or microwave curing [K. D.
Curing of 3,3'44'-
Biphenyltetracarboxylic acid dianhydride / P-Phenylenediamine (BPDA/PPD), Intl.
Journal of Microcircuits and Electronic Packaging 23:162-71 (2002)]. Although the

VFM cure was significantly faster, cure temperature was unchanged, and cure

Farnsworth et al, Variable Frequency Microwave

temperatures in this range are well beyond the allowable maximum temperature for
many applications of interest. The difficulty in applying these polymer systems to
demanding electronic applications can be seen by the fact that the commercial version
of BPDA/PPD has been available for more than thirty years, and yet had very limited

use.

[0007] Table 1 Typical Cured P! 2611 Properties by Prior Art Methods

Method Thermal Cure Hotplate VFM
Property

Final cure temperature, °C 350 350 350
Total cure time, s 18,000 3600 1200
Residual stress, MPa on [100] Si | 6 35.3 4.2
CTE, ppm/°C 3 6.6 3.8
Tensile strength, GPa >0.374 >0.0841 >0.361
Dielectric constant at 10 kHz 3.06 3.09 3.34
Loss tangent at 10 kHz 0.0032 0.00426 0.0033
Birefringence 0.2249 - 0.2237
Degree of cure 100% 87-108% 82-102%
Degradation temperature, °C 539 - 540

[0008] Objects and Advantages

[0009] Objects of the present invention include the following: providing an improved

method for densifying thermoplastic films;

providing a method for densifying
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thermoplastic films on semiconductor substrates; providing a method for coating a
semiconductor wafer with a thermoplastic film having improved properties; providing a
low-temperature process for making a thermoplastic film with improved crystallinity; and,
providing a method for creating a polyimide film with controlled orientation on a selected
substrate. These and other objects and advantages of the invention will become
apparent from consideration of the following specification, read in conjunction with the
drawings.

SUMMARY OF THE INVENTION

[0010] According to one aspect of the invention, a method for densifying a thermoplastic
film comprises:

depositing the thermoplastic in soluble form onto a selected substrate;

soft baking the film to remove residual solvent; and,

curing the film by VFM for 20 to 120 minutes at a temperature no higher than
100°C below the glass transition temperature, T,, of said thermoplastic.

[0011] According to another aspect of the invention, a method for making a
microelectronic device comprises:

preparing a semiconductor wafer with an integrated circuit thereon;

depositing a thermoplastic film in soluble form onto the semiconductor wafer;

soft baking the film to remove residual solvent; and,

curing the film by VFM for 20 to 120 minutes at a temperature no higher than
100°C below the glass transition temperature, T, of the thermoplastic.

[0012] According to another aspect of the invention, an electronic device comprises:

a semiconductor having a functional integrated circuit thereon; and,

a substantially dense thermoplastic coating théreon, said coating having a Ty in
the range of 300-400°C.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0013] The drawings accompanying and forming part of this specification are included
to depict certain aspects of the invention. A clearer conception of the invention, and of
the components and operation of systems provided with the invention, will become
more readily apparent by referring to the exemplary, and therefore non-limiting
embodiments illustrated in the drawing figures, wherein like numerals (if they occur in
more than one view) designate the same elements. The features in the drawings are
not necessarily drawn to scale.

[0014] Figure 1 is a schematic diagram of the structure of BPDA-PPD.

[0015] Figure 2 illustrates the modulus of BPDA-PPD films cured under various
conditions.

[0016] Figure 3 illustrates the hardness of BPDA-PPD films cured under the same
conditions as in Figure 2.

[0017] Figure 4 illustrates the % imidization of BPDA-PPD cured at 200°C by VFM for
various times.

[0018] Figure 5 illustrates the kinked chain characteristic of the polyimide PMDA-ODA.

[0019] Figure 6 illustrates some alternative classes of molecules that can provide a di-
functional polyamic acid section for a linear polyimide.

[0020] Figure 7 illustrates some alternative classes of molecules that can provide di-

functional amines for a polyimide.
DETAILED DESCRIPTION OF THE INVENTION

[0021] In general terms, the invention provides a method for densifying thermoplastics,

particularly polyimides, at sufficiently low temperature to be used in conjunction with
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electronic circuits while producing improved physical properties and a high degree of
crystallinity. It is particularly applicable to polymers based on BPDA-PPD, but it will
become apparent in the disclosure that follows that the method may be generally
applied to other intentionally designed polyimide structures with the same features.

[0022] The polymer BPDA-PPD, 3,3',4,4'- Biphenyltetracarboxylic acid dianhydride / P-
Phenylenediamine, is a polyamic acid based polyimide manufactured by HD
Microsystems (250 Cheesequake Road, Parlin, NJ 00859-1241) and sold under the
product designation Pl 2611. At high temperatures (> 200°C), the material undergoes a
conversion from its soluble, polyamic acid form, as received from HD Microsystems, to
an insoluble, fully imidized polymer. Many of the unique properties of the polymer are
attributed to the rigid nature of its backbone and the high degree of orientation, which
occurs during cure.

[0023] The unusually linear BPDA-PPD, FIG. 1, when cured by conventional oven
methods at the recommended 350°C, displays an increase in orientation and
crystallinity as evidenced by an increase in modulus, decrease in coefficient of thermal
expansion, and infrared (FTIR) peak shifts [J.C. Coburn, M.T. Pottiger, and C.A. Pryde,
“Structure Development in Polyimide Films”, Mat. Res. Soc. Symp. Proc., Vol. 308, 475-
87 (1993)]. These high levels of orientation/crystallization are achieved with cure
temperatures between 250°C and 350°C with convection heating are seen in Table 2.
Curing at temperatures from 350-400°C, which is above the Ty (340°C), actually
decreases the CTE and increases the modulus which results in a sharp increase in
residual stress o in the film. This is actually attributed to a loss of in-plane orientation of
the rings to the surface. Curing typical non-linear polyimides like BTDA/ODA/MPD,
Table 3, above the T4 does not affect the residual stress because they are not aligned
to the surface.

[0024] Table 2 Properties of BPDA-PPD vs. cure temperature (data from Coburn et al.
1993).
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cure temp. An Naverage | EYoung's | Oin-plane c
0 (GPa) (um/m°C) (MPa)
BPDA//PPD (Tg=340)
250 0.1826 1.7641 7.1+£02 3x1 -
300 0.1960 1.7714 7.24+02 3+l 241
350 0.1979 1.7637 73102 31 2+1
400 0.2186 1.7771 82+02 5+1 1041

[0025] Table 3 Properties of BPDA-ODA-MPD vs. cure temperature.

BTDA//ODA/MPD (Tg=320) _
250 0.0122 1.6840 33+02 45+ 1 .
300 0.0100 1.6859 32%02 4611 25+2
350 0.0104 1.6861 3302 46t | 412
400 0.0102 1.6867 33£0.2 46 £ 1 41£2

[0026] Applicant began a series of studies to determine if microwave curing could be
carried out at substantially lower temperatures, in order to process materials such as
BPDA-PPD in a range that would be useful for integrated circuit applications.
Experiments were done using a MicroCure™ 2100 VFM (Lambda Technologies,
Morrisville, NC) with a sweep frequency range of 5.65-7.0 GHz, sweep rate of 0.1
seconds, and 200W power. As will be shown in the examples that follow, the results
were not only surprising, but indeed counter-intuitive from the viewpoint of conventional
polymer theories.

EXAMPLE

[0027] Films of Pl 2611 were VFM cured at 175 and 200°C for times
ranging from 5 to 120 minutes. The resin was spun onto a silicon wafer at
4000 rpm to achieve a 7 um thick film which was subsequently soft-baked
at 130°C for two minutes to remove residual solvent before the cure. FIG.
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2 shows the Young's modulus of these samples compared to oven-cured
samples (350 and 400°C). A surprising observation is that there is a jump
in modulus after 60 minutes of curing at 200°C, at which point the modulus
is actually higher than that of material cured in a conventional oven. Note:
modulus was measured by nanoindentation methods on thickness of 100-
200 nm in order to minimize substrate effects.

EXAMPLE

[0028] FIG. 3 presents the hardness of the BPDA-PPD films described in
the previous example. Again, one can see a sharp increase at a cure time
of about 60 minutes, at which point the hardness is comparable to that
produced by a 350°C oven cure.

EXAMPLE

[0029] FIG. 4 presents the per cent imidization as a function of time at
200°C by VFM cure, as measured by FTIR. One can see that imidization
is about 80% complete after 20 minutes, and essentially complete after 60
minutes, with minor changes from 60 to 120 minutes.

[0030] When BPDA-PPD is fully cured (Tg=350°C) by microwaves (VFM) at only 200°C,
the increase in extent of cure from 90-100% and orientation occurs at a sharp transition
between 60 and 75 minutes into the process as shown by modulus, FIG. 2, hardness,
FIG. 3, and FTIR, FIG. 4. This orientation occurs unexpectedly as a sharp phase
transition in time with MW but the modulus does not increase to the higher level seen
with convection oven curing while the CTE remains at 3.1 ppm/°C. This represents an
even lower residual stress level while never being heated above the Ty. As a result, the
VFM curing of BPDA/PPD films on silicon wafers shows no additional warpage.
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[0031] This high orientation represents a tighter alignment of the polymer chains which
is analogous to the highly oriented “rod-like” packing of liquid crystal phases. The
electronic nature of this particular thermoplastic structure results from unusually well
aligned sp? orbitals in the aromatic rings and the heterocyclic imide rings along this very
linear and rigid structure as shown in Figure 1. The more common structure of
commercially available polyimides, by contrast, is more kinked and flexible as shown in
the structure of the common polyimide in Kapton® film, PMDA-ODA, FIG. 5.

[0032] The morphologically isotropic PMDA-ODA has an out-of-plane CTE that is only
1.2 times the in-plane CTE whereas an oriented BPDA-PPD is anisotropic with a ratio
25 times higher in-plane. This anisotropic and low CTE closely matches that of silicon
(3 ppm/°C) which allows polymer films coated on silicon wafers to have practically no
induced stress after cooling. This is very important to the electronics industry that is
increasing the use of stacked thin silicon wafers coated with polyimide dielectric films to
provide very high density functionality. The current mismatch of CTE between polymer
dielectric films (~60 ppm/°C) and silicon wafers typically creates 300-800 pm of
warpage in 300 mm diameter wafers. This has been an intractable problem because
the conventional oven cure temperatures of 350-400°C cure of BPDA-PPD is far
beyond the practical limits of wafer processing for an electronics industry seeking cure
temperatures below 250°C compatible with advanced devices and packaging
structures. For example, some advanced memory devices such as polymer or ceramic
RAM devices are made inoperable at temperatures much above 250°C. The capability
to create highly oriented low CTE polymide films at a cure temperature of only 200°C

with microwaves is a significant technical breakthrough.

[0033] Polyimide films have been the organic dielectric of choice for decades in the
microelectronic industry because of the materials’ high thermal, chemical, and
mechanical stability to temperatures above 300°C. Recent progress in electronic device
technologies has often created a sensitivity to high temperature processes above 250°.
This limitation has forced the industry to search for other chemical classes such as

polybenzoxazoles and epoxies that have cure temperatures below 250°C. In all cases,
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these substitutes for polyimides have compromised stability and dielectric properties or
reduced manufacturing robustness. Polyimides incompletely cured by conventional
ovens at temperatures below 300°C have unacceptable chemical and dielectric
properties for microelectronic devices.

[0034] The capability to create highly oriented, low CTE polyimide fiims at temperatures
as low as 200°C allows the inclusion of a robust polyimide film cure in most of the
packaging process flows which are predominately at or below 250°C to avoid the
decomposition of commonly used epoxy adhesives in die attach, die encapsulation,
molding, die underfill, and die stacking applications.

[0035] In addition, the difference between a low microwave cure temperature below Tg
and the highest temperature seen by any of the other process steps used in the
packaging or assembly is now 50°C or less. This low temperature range excursion
nearly eliminates the strong effects of time and temperature on modulus and CTE found
with conventional oven curing as described by M.T. Pottiger and J.C. Coburn, “Modeling
Stresses in Polyimide Films”, Mat. Res. Soc. Symp. Proc., Vol 308, 527-534 (1993).

[0036] With the uniform microwave excitation of the critical reactive dipoles throughout
the bulk of the material, the cure reaction (imidization/cyclization) of polyimide chains
becomes highly efficient while maintaining much lower temperature (200°C) in bulk.
Low temperature curing of polymers has been demonstrated in various systems. As the
reaction approaches completion (nearly 90% as shown in FIG. 4), the rigidity of the
chains becomes higher and the chains become less mobile. The continued effect of
microwave energy in rotating dipoles (primarily carbonyls at this point) assists the
orientation/crystalization of these rigid rods into lower energy stacking sites. An analogy
can be seen in the synchronous crystallization (freezing) point of small water molecules
in the very last degree before 0°C. This synchrony is not seen with the standard
convection heating of polymers because that process involves the random collision of
chains by collisions with others which disrupts order almost as much as enhances it,

thus requiring higher temperatures.
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[0037] Applicants have shown that microwave induced orientation at surprisingly low
temperatures is possible with the linear structure of BTDA-PPD. Based on this
observation Applicants expect that this phenomenon can be extended to other

intentionally designed polyimide structures with the same features.

EXAMPLE

[0038] The design of other polymers to exploit the inventive process may
combine a di-functional polyamic acid section as suggested by the general
classes of FIG. 6 and di-functional amines with R1 and R2 as suggested
in FIG. 7. There are many other possibilities that would produce, when
cured, a linear, conjugated, and rigid polyimide films with high orientation
probability.

[0039] It has also been shown [Y. Kuramoto, Chemical Oscillations, Waves, and
Turbulence. Springer, Berlin (1984)] that sudden phase transitions in chemistry and
biology can occur with interactions between molecules at a critical level of distribution.
The microwave induced interactions of polarizable polymer chains that are moving at
reduced rates near the end of cure, could become more effectively synchronized and
highly oriented if the distribution of the lengths of these chains was narrower.

EXAMPLE

[0040] Since the observed orientation or crystallization of BTDA-PPD
appears to be sharply synchronous in the manner of a phase transition
(see FFIGs. 2-4) it should be possible to induce high levels of orientation
in other polyimides and other thermoplastics in MW radiation by reducing
the chain length distribution in the starting materials. Reducing the
polydispersity index (PDI) of a thermoplastic can be done by either using

separation techniques such as size exclusion chromatography or by

10
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limiting the initial formation of the thermoplastic endcap reaction in the
formation of starting materials. By these methods it should be possible to
enhance the mechanical properties of a much wider selection of
polyimides as well as other thermoplastics such as polyolefins, polyvinyls,
polycarbonates, and acrylonitriles that would benefit from adjustable
hardness and CTE. This selective design capability is clearly not possible

by the use of standard thermal curing technologies.

[0041] Based on the foregoing examples and discussion, it will be appreciated that
there is a range of process variables that will yield acceptable resuits and that optimal
parameters may vary from one particular application to another. The skilled artisan can
easily optimize the process for a particular system through routine experimentation. For
the BPDA-PPD system, Applicants prefer to process in the range of temperatures from
175-225°C for about 20-120 minutes. For custom-designed polymer formulations, such
as those discussed in connection with FIGs. 6 and 7, it will be appreciated that Tg
values will likely vary somewhat, but in many cases will lie in the range of about 300-
400°C. For these systems, by analogy to BPDA-PPD, Applicants prefer that microwave
processing be carried out at a temperature no higher than about 100°C below Tg for a
particular formulation. The upper limit on desirable processing temperature will also be
dictated to some degree by the end use. For electronic devices, the industry in general
prefers to stay below about 250°C, and in many cases below 200°C, if possible.

[0042] It will be clear to the skilled artisan that the invention allows one to fabricate
structures that have heretofore been impossible to build. Specifically, one can build up
a composite structure in which a functional silicon integrated circuit with an upper
temperature limit of 250°C or less is coated with a dense layer of thermoplastic having a
Tg of 350°C or more. The integrated circuit may comprise features in the range of 100
to 15 nm. By all prior art methods, the processing temperatures needed to densify such

polymers would destroy the functionality of the underlying circuit elements.

11
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[0043] It will be understood that VFM processing is an inherently flexible method, in
which the skilled artisan may select a particular frequency range, sweep rate, etc,,
based on such variables as the size and shape of the cavity and workpiece, type of
substrate, etc. It is well known that sweeping the frequency across some selected
bandwidth (typically +5% or +10% of a center frequency not only improves uniformity,
but prevents arcing and other damaging effects to electronic components in the
workpiece. Thus, Applicants prefer to sweep the frequency over a bandwidth of at least
+5% of the center frequency and more preferably +10%.

12
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We claim:

1. A method for densifying a thermoplastic film comprising:

depositing said thermoplastic in soluble form onto a selected substrate;

soft baking said film to remove residual solvent; and,

curing said film by VFM for 20 to 120 minutes at a temperature no higher than
100°C below the glass transition temperature, T4, of said thermoplastic.

2. The method of claim 1 wherein said thermoplastic comprises a polyimide having a di-
functional polyamic acid section and a di-functional amine section, and said polyimide
has a T, in the range of 300-400°C.

3. The method of claim 2 wherein said polyimide comprises BPDA-PPD and said VFM
curing is carried out at a temperature of about 175-225°C.

4. The method of claim 1 wherein said VFM curing comprises applying microwave
power in a sweeping manner over a bandwidth of at least +5% of a selected center
frequency.

5. The method of claim 1 wherein said substrate comprises a semiconductor wafer

having integrated circuits thereon.
6. The method of claim 1 wherein said thermoplastic comprises a polymer selected from
the group consisting of: polyimides, polyolefins, polyvinyls, polycarbonates, and

acrylonitriles.

7. The method of claim 6 further comprising the step of reducing the polydispersity
index (PDI) of said thermoplastic.

8. The method of claim 7 wherein said PDI is reduced by a method selected from the

group consisting of: using separation techniques including size exclusion

13
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chromatography; and by limiting the initial formation of the thermoplastic endcap
reaction in the formation of starting materials for said thermoplastic.

9. A method for making a microelectronic device comprising:
preparing a semiconductor wafer with an integrated circuit thereon;
depositing a thermoplastic film in soluble form onto said semiconductor wafer;
soft baking said film to remove residual solvent; and,
curing said film by VFM for 20 to 120 minutes at a temperature no higher than
100°C below the glass transition temperature, Tg, of said thermoplastic.

10. The method of claim 9 wherein said thermoplastic comprises a polyimide having a
di-functional polyamic acid section and a di-functional amine section, and said polyimide
has a Ty in the range of 300-400°C.

11. The method of claim 10 wherein said polyimide comprises BPDA-PPD and said
VFM curing is carried out at a temperature of about 175-225°C.

12. The method of claim 9 wherein said VFM curing comprises applying microwave
power in a sweeping manner over a bandwidth of at least +5% of a selected center
frequency.

13. The method of claim 9 wherein said integrated circuit comprises functional circuit
features in the range from 100 to 10 nm in width and said thermoplastic has a Ty in the
range of 300-400°C.

14. An electronic device comprising:

a semiconductor having a functional integrated circuit thereon; and,

a substantially dense thermoplastic coating thereon, said coating having a Ty in
the range of 300-400°C. '

14
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15. The device of claim 14 wherein said integrated circuit comprises functional circuit
features in the range from 100 to 10 nm in width.

16. The device of claim 14 wherein said thermoplastic comprises a polymer selected
from the group consisting of: polyimides, polyolefins, polyvinyls, polycarbonates, and

acrylonitriles.

17. The device of claim 16 wherein said thermoplastic comprises a polyimide having a

di-functional polyamic acid section and a di-functional amine section.

18. The device of claim 17 wherein said polyimide comprises BPDA-PPD.

15
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