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METHOD OF PRODUCING POROUS CALCINED POLYIMIDE

TECHNICAL FIELD OF THE INVENTION |

The present invention relates a pbrous polyimide, which is a polyimide used
as a molded article such as film, etc. and has a plurality of micropores which is
unifbrmly present from the inside through the surface of thg molded article. Itis
possible to effectivély control physical properties such as dielectric constant,
refractive index, etc. of the polyimide by introducing sucha porous structure. A
film of such a polyimide can be used, for example, as an interlayer insulation film

for a semiconductor element such as ULSI (Ultra LSI), etc.

PRIOR ART

As the interlayer insulation film of the semiconductor element, use of a
polyimide film has hitherto been studied. Because the polyimide sufficiently
satisfies rcquiréd characteristics for the above interlayer insulation film, that is, heat
resistance, mechanical strength, solv-ent resistance, etc. However, when using the
polyimide film as the above interlayer insulation ﬁlm,. it was also necessary to
reduce the dielectric constant of the polyimide.

As .a means for reducing the dielectric constant of the polyimide, for
example, a method of intréducing a fluorine atom or an alkyl group into a
polyimide molecule as a substimexit, or a method of incorporating a ﬂuororeéin
filter by dispersing it into 2 polyimide matrix has been made. The method of
introducing the substituent into the polyimide molecule is disclosed, for example, in
Unexamined Patent Publi.cation (Kokai) No. 4-328126. The method using the
fluororesin filler is disclosed, for example, .in Unexamined Patent Publication
(Kokai) No. 4-33394. However, when the above substituent is introduced into the
polyimide molecule or the fluororesin filler is incorporated, introduction of a

comparatively large amount of the substituent or the filler content was required so
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- as 1o effectively reduce the dielectric constant. Introduction of a large amount of

the substituent or increase in content of the ﬂuororesm ﬁller tends to deteriorate the
heat resistance of the polylmlde That is, according to such a method, it is
necessary to largely change the structure of the polylmlde molecule or composition

of the polyimide matnx so as to reduce the dlelecmc constant Therefore, intrinsic

'performances of the polylmlde were liable to be detenorated

On the other hand as another method a method of producmg a porous
article, which compnses contammg hollow rmcrospheres or m1croporous aerogels
by dispersing in a polynmde matrix and thereby prev1ously 1ntroducrng pores in an
uncalcined precursor has also been studled Sucha method is disclosed, for
example, in Unexammed Patent Publication (Kokal) No 5-1 82518. Accordmg to
such a method, smce 1t is not necessary to largely change the structure of the
polyimide molecule or composmon of the polyimide matnx, intrinsic performances
of the polyimide are not liable to be deteriorated. '

Furthermore, J apanese Patent No. 2531906 correspondmg to U. S. Patent
No. 5,776,990 dlscloses a foamed polynmde film obtamed by forming a block
copolymer of (a) a polylmlde and (b) a thermally decomposable polymer, which is
thermally decomposed at the temperature lower than a decomposmon temperature
of the polyimide, and then heating a film of the block copolymer to decompose the
above thermally decomposable polymer. As the thermally decomposable polymer
polypropylene oxide and polymethyl methacrylate are d1sclosed and the polymer
film contains pores havmg a diameter of less than 1000 angstroms ( 100 nm).
According to such a method since it is not necessary to largely change the structure
of the polyimide molecule or eomposmon of the polyx_rmde matrix, intrinsic
performances of the polyimide are not liable to be deteriorated

As other alternatlve methods a method for manufacturmg a porous
polyimide by formmg a precursor compnsmg a blowmg agent dispersed in a
polyimide matrix, and heatmg the precursor to expand and foam it (disclosed in
European Patent Pubhcatlon No. 0373402), a method for manufacturing a porous
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polyimide by formifig & precursor comprising a polyirfiide matrix and an organic
polymer dispersed in said matrix, and decomposing and removing the organic .
polymer (disclosed in U.S. Patent Nos. 3,883,452, 4,940,733 and 5,135,959, and
Japanese Unexamined Patent Publication (Kokai) No. 63-278943) are known. As
the above organic polymers, formaldehyde homopolymer, polypropylene
carbonate), polyurethane, melamine, polyvinyl alcohol, polyacetal and polymethyl
methacrylate, etc. are used. In the latter method in which an organic polymer is
decomposed, a dispersion of one component (for example, an organic polymer)
finely .dispersed in the solution comprising the other component (for example, a
polyimide) is prepared, and then the dispersion is dried to form a dispersion-type
precursor consisting of said one compoﬁent dispersed in the matrix comprising the
other component. According to these methods, since it is not necessary to largely
change the structure of the polyimide molecule or composition of the structure of
the polyimide matrix, intrinsic performances of the polyimide are not liable to be

deteriorated.

PROBLEMS TO BE SOLVED BY THE INVENTION

However, according to the method of previously introducing pores in the
uncalcined precursor, the pores were apt to be broken during the calcination and it
was difficult to form micropores (e.g. diameter of pores is within the range from 1
to 700 nm). Further, according to a method using a blowing agent or using a
dispersion-type precursor, it was also difficult to form felaﬁve]y fine pores. In these
methods, relatively large size pores (for example, diameter of the pores is no less

than 1 micrometer) was apt to be formed, and therefore, it was not possible to use

the resulting polyimide as an optical material.

According to the method of forming the block copolymer of the polyamide
and thermally decomposable polymer, although it was easy to form relatively fine
pores, the synthesis reaction of the block copolymer was comparatively difficuit,

and thus it was disadvantageous to enhance the pfoductivity.
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Accordingly, an object of the present invention is to provide a porous
polyimide, which can- éffectively reduce the dieleclric: édnstant (e.g. 2.7 or less) aﬁd
refractive index of the polyumde while preventing detenoratlon of intrinsic
performances (e.g. heat resistance, etc.) of the polymnde by uniformly introducing
micropores having a comparatively small size (e.g. diameter of pores is within the
range from 1 to 700 nm) from the inside through the S’ﬁtface, and which can be
easily formed (produced), which is advantageous to enhance the productivity, and

which is highly transparent.

MEANS FOR SOLVING THE PROBLEM :

The present invention has been accomplished to solve the above problems,
and provides a porous polyimide comprising polyimide{containmg a matrix, and a
plurality of micfopores dispersed in said matrix, characterized in that said .
micropores are formed by removing a hydrophilic -pol&_nﬁjer from a precursor -
comprising a polyimide-containing matrix and the hydfqphilic polymer dispersed in

said matrix.

.-MODE FOR CARRYING OUT THE INVENT ION
’OPERATION

The porous polyimide of the present invention 1s formed by removing a
hydrophilic polymer from a precursor comprising a pdlYimide-containing-matrix,
and the hydrophilic polymer dispersed in the matrix, and it contains a plurality of
micropores formed uniformly from the trace of the above removed hydrophilic
polymer. Accordingly, pores having a very small size (diameter is normally within
the range from 1 to 700 nm) are uniformly present from the inside through the
surface, and the porous polyimide has the effectively éontrollcd dielectric constant.
According to the présént invention, the dielectric constant can be controlled

typically to 2.7 or less,.: suitably to 2.6 or less, particularly 1.9 to 2.5.



10

15

20

25

30

- WO 00/05297 PCT/US99/16118

The main reason why the dielectric constant is lowered is that an air (pore)
having a dielectric cbhstant lower than that of the polyimide is introduced in the ‘
matrix. Since the air has a refractive index lower than that of the polyimide, the
refractive index is also lowered due to the same reason. In case that the above
micropores are uniformly present from the inside through the surface, the dielectric
constant is lowered and, at the same time, the surface roughness of the porous
polyimide is increased. In this case, the surface roughness (Ra: centerline average
roughness, which can be measured by AFM (Interatomic Force Microscope)) is
normally not less than 0.35 nm.

The above porous polyimide is suitably formed by the following method. (a)
First, a stock solution containing a solvent and an uncalcined polyimide and a
hydrophilic polymer dissolved in the solvent is prepared; (b) a precursor is formed
by drying the stock solution; and (c) the precursor is calcined, wherein said
micropores are introduced into said matrix by removing said hydrophilic polymer -
by means of decomposition thereof during the step (c).

It is preferred that a hydrophilic polymer is dissolved in a stock solution of a
polyimide, and then the polyimide and the hydrophilic polymer are phase separated,
as a method to disperse the hydrophilic polymer in the polyimide matrix so that the
porous polyimide does not lose a light-transmittance after calcination of the
polyimide. According to this method, it is possible to controllably make the size of
pores formed from a trace of the removed hydrophilic polymer small (for example,
diameter of the pores is 1 to 700 nm). A light transmittance of the resulting

polyimide will be no less than 70%. Here, when used as an optical film, a light

transmittance of the polyimide is preferably no less than 80%, and particularly no
less than 90%. To effectively enhance a light transmittance of the porous
polyimide, a polyalkylene glycol is preferred for the hydrophilic .polymer, because
it is easy to prepare a stock solution of a polyalkylene glycol homogeneously
dissolved in the polyimide solution, and the polyimide and a polyalkylene glycol as
the hydrophilic polymer are phase separated easily by drying the stock solution.
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Polyethylene glycol will be particularly preferred. Polyethylene glycol is easily

decomposed to gasxﬁcate during the calcination of the: polymude precursor, and

.thus a porous polyumde can be formed which comprxs_e_s__ grncropores consisting of a

trace of the removed polyethylene glycol and having clbjsfed pore structure (i.e., not-
continuous). The pores are homogeneously present ﬁ'om the inside through the
surface of the polyimide and thus, a light ’cransmittance of the polyimide can be
effectively enhanced. The term "a light transmittance” as used herein, is defined as
a light transmittance 'measin'ed by a spectrophotometer, EI;Sing a light having a wave
length of 550 nm for a porous polyimide film having a film thickness of 2.5 pum.

The reason why the hydrophilic polymer is used :i;:that when a stock solution
in which the polyimide and the hydrophilic polymer are dissolved is dried, the
hydrophilic polymer is 'phase separated from the matrix eomprising the polyimide,
and thus a fine dlspersmn phasc compnsmg the hydrophnllc polymer is easﬂy

" formed.

Therefore, a'ccprding to the method of the presepf=invention, a unifoﬁn
porous structure conf}aining'micropOres of a trace of the; i‘é:moved hydrophilic
polymers, which are fine ari_d unifdfmly dispersed, can 'be"easily- formed. Besides,
since comparatively d'ifﬁculf synﬂ1e3is reaction of a lejixhide copolymer is not
included in the produeﬁon prdcess, formation (producfiexi) can be easily performed
and it is advantageous to enhance the productivity. :

According to the method of producing the poroﬁ_s‘ polyimide of the present
invention, since it is not necessary to largely change the polyimide molecular

structure and polyimide matrix composruon the dlelecmc constant etc. can be

- effectively reduced without deteriorating intrinsic performances (e.g. heat

resistance, etc.) of the polyimide matrix, like the case of the. above prior arts.

POLYIMIDE
The polyimide is a material for forming a polyimide matrix, which contains

micropores dispersed therein, after calcination of a pre'eursor-. therefore described
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hereinafter. As the polyimide, a soluble polyimide having good solubility in an
organic solvent is normally used. Suitable polyimide includes, for example, (a)
those formed by drying a liquid containing an organic solvent and an soluble
polyimide dissolved in the organic solvent, followed by calcination, or (b) a cured
article formed from a liquid containing a thermosetting polyimide resin.

The thermosetting polyimide resin also includes those, which are generally
referred to as a “thermal polymerization type polyimide resin.” In any case
described above, the calcination temperature of the polyimide is decided
appropriately according to the kind of the polyimide, and the calcination is normally
performed at the temperature recommended by a company from which the
polyimide is supplied. For example, it is within the range from 80 to 400°C.

- Specific examples of the polyimide include soluble polyimide having a

tetraphenylthiophene skeleton, cyclobutanetetracarboxylic dianhydride/aromatic

- diamine polyimide, deposition polymerized polyimide, aromatic tetracarboxylic - -

dianhydride/aromatic diamine/silicone diamine polyimide, aromatic tetracarboxylic

- acid dianhydride/aliphatic diamine polyimide, fluorine-containing polyimide, long-

chain aromatic diamine derived total aromatic polyimide, organic electrolyte
addition polyimide, silylated polyimide, polyimide formed by polymerizing (curing)
a precursor containing polyamic acid, etc. In order to use as an optical material
such as clad of an optical fiber, etc., those having transparency are preferred.

As a solvent of the polyimide, a polar solvent (e.g. 1,2-dichloroethane,
N-methylpyrrolidone, y-butyrolactone, methyl ethyl ketone, dimethyl acetamide,
etc.) is preferred. For example, when the hydrophilic polymer is polyethylene
glycol, a chlorine-containing solvent such as 1,2-dichloroethane, etc. is preferred.
These solvents may be used alone or in combination thereof.

The concentration of the polyimide in the solution containing the uncalcined

polyimide is normally from 1 to 20% by weight.
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HYDROPHILIC POLYMER |

The hydrophilic polymer may be anyone, which can be dissolved in the
above polyimide solution, which can be phase separated from the matrix containing
the polyimide, after drying the stock solution comprising the polyimide and the
hydrophilic polymer, and which can be removed during the calcination. Examples
thereof include polyalkylene glycol such as polyethylehg glycol. As far as the

-effects of the present invention is not detrimentally affected, an organic polymer

such as polymethyl methacrylate which has comparatively low solubility with the

-polyimide and can be easily burned out (decomposed, removed) by means of a

calcination operation of the polyimide can also be used in combination with the

hydrophilic polymer. The organic polymer can also be removed by means of

- solvent extraction. - As the extraction solvent, there can be selected those, which do

. .not dissolve water, alcohol and polyimide, but dissolve the organic polymer. The

extraction operation can be performed before and/after calcination.

The molecular weight (number-average molecular weight) of the hydrophilic
polymer is normally from 200 to 4,000,000, suitably from 7,000 to 30,000. When
the molecular weigh is too small, the hydrophilic polymer has high solubility in the -
matrix comprising the polyimide and it becomes difficult to phase separate the
hydrophilic polymer from the matrix. On the other hand, when the molecular
weight is too large, it becomes difficult to remove the hydrophilic polymer. That is,
the hydrophilic polymer is remained in the polyimide matrix after calcination and it
takes a long time to remove it. The larger the molecular weight, the larger the size
of the micropores. o

The content of the hydrophilic polymer is normally from 0.1 to 10 g, suitably
from 0.3 to 2 g, based on 100 g of the above polyimide solution. When the content
is too large, the mechanical strength or transparency of the polyimide after
calcination is liable to be lowered. On the other hand, when the content is too

small, it is liable to become difficult to reduce the dielectric constant.



10

15

- 20

25

30

WO 00/05297 ' PCT/US99/16118

FORMATION OF POROUS POLYIMIDE

A polyimide siﬂﬁtion, and a stock solution containing the dissolved
polyimide and hydrophilic polymer can be prepared by using a normal
mixing/dispersing device. Examples thereof include a propeller mixer, a high-
speed mixer, a homogenizer, a sand mill, etc.

Then, the above stock solution is coated on a substrate and the stock solution
is dried to form a film of a polyimide precursor. In case of the coating, there can be
used a normal coating means, for example, spin coating, die coating, bar coating,
etc. The drying temperature is decided appropriately according to a boiling point or
an evaporation rate of the solvent. The drying temperature is less than calcination
temperature of the polyimide. As the substrate, for example, there can be used heat-
resistant_polymer film, glass, metal, silicon wafer, etc.

Finally, the film of the polyimide precursor is calcined and, at the same time,
the hydrophilic polymer is removed by decomposition, thereby obtaining a porous
polyimide of the present invention. In this case, the calcination temperature is
normally within the range from 250 to 400°C. The calcination time varies
depending on the calcination temperature, but is normally from 10 minutes to 10
hours. When the calcination operation is performed under an inert atmosphere such
as nitrogen, argon, etc., the dielectric constant can be lowered, more effectively.

As far as the effect of the present invention is not adversely affected, the
polyimide film can be formed so that the film is composed of a plurality of layers.
It is also possible to contain additives such as ultraviolet absorbers, humectants,
colorants, inorganic fillers, fluorescent materials, phosphorescent materials, etc. as

far as the effect of the present invention is not adversely affected.

EXAMPLES
Example 1
First, a soluble polyimide having transparency, which is disclosed in U.S.

Patent No. 5,750,641, was dissolved in 1,2-dichloroethane to prepare a polyimide
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solution having a concentration of 10% by weight. This polyimide was a fluorine-
containing polyimide having an average molecular wei};ht of about 60,000 and Tg'
of 360°C, obtained by polymerizing ortho-toluidine(bisanilino){luorene, 2,2-bis(3,4-
dicarboxyphenyl)-hexafluoropropane dianhydride and 2,:54dimethyl (p-
phenylenediamine) asa starting materials. : | :

To 20 g of this solution, 200 mg of polyethylene glycol having a molecular
weight of 7,500 (manufactured by Wako Junyaku Kogyd Co., Ltd.) was added and
the mixture was sufficiently stirred to uniformly dissolving polyethylene glycol in -
the solution, thereby preparing a stock solution. Then, thxs stock solution was
coated on a glass substrate having a thickness of 0.7 mm, on which an aluminum

electrode as a film was previously formed, by means of spin coating, followed by

- drying to form a film of a precursor of a porous polyimide. A film thickness of this

precursor was about 2.5 pm.

Finally, the film of the above precursor was calcined in a nitrogen -
atmosphere at 360°C for 30 minutes to burn out polyethylene glycol, thereby - -
obtaining a film of a porous polyimide of this example. A thickness of the.film was

© 2.5 pm.

An aluminum electrode as a film was further formed on the resulting porous
polyimide film. Then, a capacitance of the polyimide film was determined at a
frequency of 1 MHz and a dielectric constant was calculated. As a result, it was

- 2.3,

- Furthermore, the surface of the porous polyimide film was observed by AFM
(Interatomic Force Microscope). As a result, a structure having a roughness of an
order of nanometer (Ra (centerline average roughness) = 0.40 nm) was observed.
Consequently, it was confirmed that a plurality of micropores was introduced into
the polyimide film. |

Further, the cross-section of the polyimide film was observed by a

transmission electron microscope. A plurality of micropores of an approximately

10



10

15

20

25

30

WO 00/05297 PCT/US99/16118

elliptic shape having-g..-:lpngitudinal length of 100 to 300.nm were observed. These
pores are closed anci nbn-continuous pores. .

Further, a light transmittance of the porous polyimide film of this example
was measured by a spectrophotométer (product no. U-4000, manufactured by
Hitachi K.K.) (wavelength: 550 nm). The light transmittance was 91%.

Example 2

In the same manner as that described in Example 1 except for changing the
number-average molecular weight of polyethylene glycol to 20,000, a porous
polyimide of this example was obtained. The dielectric constant of the resulting
porous polyimide was measured in the same manner as that described in Example 1.
As a result, it was 2.3. Furthermore, the surface of the porous polyimide film of this

examplc was observed by AFM. As a result, a structure having a roughness of an

~ order of nanometer (Ra (centerline average roughness) = 1.00 nm) was observed.

Consequently, it was confirmed that a plurality of micropores was introduced into

- the polyimide film.

Further, the cross-section of the polyimide was observed by a transmission

. electron microscope. A plurality of micropores of an approximately elliptic shiape

having a longitudinal length of 100 to 500 nm were observed.
Further, a light transmittance of the porous polyimide film of this example

- was measured by a spectrophotometer (product no. U-4000, manufactured by
- Hitachi K.K.) (wavelength: 550 nm). The light transmittance was 90%.

COMPARATIVE EXAMPLE

In the same manner as that described in Example 1 except for using no
polyethylene glycol, a polyimide of this example was obtained. The dielectric
constant of the resulting polyimide was measured in the same manner as that
described in Example 1. As a result, it was 2.8. Furthermore, the surface of the
polyimide film of this example was observed by AFM. As a result, a structure

11
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having a roughness of an order of nanometer (Ra (centerline average roughness) =
0.32 nm) was not observed. .
Further, the cross-section of the polyimide film was observed by a
transmission electron microscope. No pores were observed.
Further, a light transmittance of the polyimide of this example was observed
by a spectrophotometer (product no. U-4000, manufactured by Hitachi K.K.)
(wavelength: 550 nm). The light transmittance was 92%.

EVALUATION OF HEAT RESISTANCE
' On the other hand, the heat resistance of the polyimide films of Exarples 1

and 2 and that of Comparative Example were evaluated as follows. Each of the

resulting polyimide films (after calcination) was heated in a nitrogen atmosphere at

400°C and cooled to room temperature. Then, the dielectric constant was measured

-.and a change in dielectric constant before and after heating was examined.::The
~polyimide film after heating was allowed to stand in the air for one week, and then

-achangce in dielectric constant was examined in the same manner. It has already

been found that the dielectric constant hardly changes under these test conditions in

.case of a normal polyimide (like non-porous polyimide of coﬁxparative example).

As aresult, regarding the porous polyimide films of Examples 1 and 2 as
well as the polyimide film of Comparative Example, the dielectric constant hardly
changed before and after heating and standing in the air. That is, it was confirmed

that the formed porous polyimide film can maintain intrinsic heat resistance of the

. polyimide according to the method of the present invention.

EFFECT OF THE INVENTION
The porous polyimide of the present invention can effectively reduce the
dielectric constant and refractive index while maintaining intrinsic performances of

the polyimide, such as heat resistance, etc, and is highly transparent.

12



10

15

20

25

30

WO 00/05297 ' PCT/US99/16118

- %

ctamss | NN O A0 O

CLAIM 1

A porous polyimide comprising a polyimide-containing matrix, and a
plurality of micropores dispersed in said matrix, characterized in that said
micropores are formed by removing a hydrophilic polymer from a precursor
comprising a polyimide-containing matrix, and the hydrophilic polymer dispersed in
said matrix, and that the porous polyimide has a light transmittance of no less than
70%.

CLAIM 2

A precursor for forming a porous polyimide comprising a polyimide-
containing matrix, and a plurality of micropores dispersed in said matrix after
calcination, the precursor comprising a polyimide-containing matrix and a
hydrophilic polymer dispersed in said matrix, characterized in that the precursor is -
formed by drying a stock solution consisting of a dissolved uncalcined polyimide

and a hydrophilic polymer.

CLAIM 3

A method of producing a porous polyimide comprising a polyimide-
containing matrix, anda plurality of micropores dispersed in said matrix, which
comprises the steps of:

| (@) preparing a stock solution, containing a solvent, and an
uncalcined polyimide and a hydrophilic polymer dissolved in said solvent;
(b) drying said stock to form a precursor; and -
(c) calcining said precursor; wherein said micropores are
introduced into said matrix by removing said hydrophilic polymer by means
of decomposition thereof during the step (c).
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