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(ABSTRACT)

Novel, high molecular weight, high glass transition

temperature, photocrosslinkable polyimide and poly(imide

siloxane) homo- and segmented copolymers were prepared and

characterized. The polyimides were synthesized by the

classical two step method of first preparing soluble poly(amic

acid) prepolymers by the reaction of various aromatic

dianhydrides with aromatic diamines. The siloxane modified

copolymers were synthesized by reacting single or mixed

components of the aromatic dianhydrides with a mixture of

aromatic amine and bis(3—aminopropyl) end blocked polydimethyl

siloxane oligomers in a cosolvent system of tetrahydrofuran

and N—methyl—2-pyrrolidinone. These difunctional wninopropyl

terminated siloxane oligomers were prepared through an anionic

ring opening equilibration polymerization of octamethy1cyclo—

tetrasiloxane with bis(3—aminopropyl) tetramethyldisiloxane

in the presence of siloxanolate catalyst.

Soluble fully imidized polyimides were obtained by use

of a solution imidization procedure which utilized a cosolvent

system of N—methy1-2—pyrrolidinone and N-cyc1ohexyl—2-

pyrrolidone at temperatures of approximately 170°C. The fully



imidized polyimides were soluble in a variety of solvents.

The homo- and copolymers have been characterized for

compositional analysis by FT-IR and proton NMR spectroscopy.

All polymers were characterized for their thermal properties

by differential scanning calorimetry, dynamic mechanical

thermal analysis and thermogravimetric analysis. All homo-

and copolymers possessed excellent thermal characteristics

and good mechanical properties.

The photosensitive properties of the polyimide and

poly(imide siloxane) homo- and copolymers were investigated

at the UV wavelengths of 313nm and 365nm. The

photosensitivities were found to depend on both the amount of

benzylic methyl substituted diamine incorporated into the

polyimide backbone, and the amount of aromatic ketone

concentration. High concentrations of fluorinated (6F)

dianhydride were also desirable. Incorporation of the

polydimethylsiloxane segments into the polyimide decreased the

optical density without decreasing the photosensitivity and

therefore desirably allowed thicker films to be crosslinked

at lower exposure doses. The adhesion of the siloxane

modified polyimides to the silicon wafers was increased with

significantly increasing siloxane content and at 20 weight

percent, eliminated the need for conventional coupling agents.
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Chapter l
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· °

LEIEQEESSÄQB
Polyimides are becoming increasingly important in the

microelectronic industry for the manufacturing of integrated

circuits. They are currently being used in a variety of

applications such as interlayer dielectrics (1), passivation

coatings, alpha particle barriers (2) and in a variety of

other applications as insulating layers (3). However, due to

the number of processing steps required in patterning

polyimide coatings, numerous investigations on the development

of photoimageable polyimides have been motivated. A

photosensitive polyimide could be patterned like a photoresist

and remain as a permanent part of the electronic device due

to its excellent thermal and mechanical stability.

Perhaps the first method of designing a photosensitive

polyimide was to incorporate photosensitive groups into the

backbone of the polyimide precursor. One of the first groups

to take this approach was Kervin and Goldrick of Bell

Telephone Laboratories as early as 1971 (4). They added

potassium dichromate to the polyamic acid, yielding a

photosensitive polyimide prepolymer that could be patterned

and subsequently imidized during a post cure step. Another

approach was to incorporate methacrylic groups into the

polyamic acid, by an esterification reaction (5). Other

similar systems were presented in 1982 at the First

1
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International Conference on Polyimides (6-9). All of these

systems suffered from problems such as poor shelf life and

shrinking during the imidization step, which was a required

step after exposure and pattern development. Distorted images

were generally observed.

Pfeifer and Rohde recently reported a fully imidized,

solvent-soluble polyimide system that can be directly

patternable (10). The fact that it was a soluble polyimide

overcame many of the problems that existed in previous

polyamic acid systems. Thus, there was no post cure step

needed and therefore the shrinkage was eliminated. The

polymer system was based on the benzophenone-moiety and alkyl

substituted aromatics incorporated into the polymer backbone.

The mechanism is thought to proceed through hydrogen

abstraction by the photcexcited triplet benzophenone and the

subsequent combining of radicals formed. However, the

statement was made by Pfeifer and Rohde that "although the

benzophenone-moiety is known for its photosensitizing

properties in a variety of chemical systems, it is unknown how

photocrosslinking between this group and neighboring polymer

chains occurs." (10). Intermolecular hydrogen-atom

abstraction from polymers involving the photoexcited triplet

state of the aromatic carbonyl group has been known for

sometime (11,12). It has also been reported that benzophenone

is able to crosslink vinyl polymers during UV exposure (13).

Mohanty et al. showed that polymers such as tetramethyl Bis-
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A polyaryl ether ketones with aromatic keto and alkyl

substituted aromatic groups incorporated into the polymer

backbone were photocrosslinkable, and an "intermolecular

hydrogen-atom abstraction" mechanism was proposed (14-16).

Further evidence concerning the1nechanis¤1of photocrosslinking

benzophenone containing polyimides has been recently reported

by novel approaches (17-19).

The objectives of this research were to study the

synthesis and characterization of novel, high glass transition

temperature, soluble, photoimageable polyimide homo-,

copolymers, and siloxane modified segmented copolymers for

microelectronic applications. The experimental approach was

to synthesize polyimide homo-, and copolymers containing the

benzophenone-moiety and methyl substituted aromatic groups

incorporated into the polymer backbone. Benzophenone

tetracarboxcylic acid dianhydride was used as the aromatic

keto containingrnonomer responsible for absorbinglßfradiation

to form the photoexcited triplet benzophenone—moiety. The

methyl substituted diamines were used as hydrogen donating

groups to allow the free radical crosslinking reaction to take

place. A series of homo- and copolymers was synthesized and

characterized for their photosensitive properties with respect

to their polymer backbone structure and other important

variables.



Chapter II

2 - 2 &1$ss2$¤.1ss_Bsz!.s.¤
This chapter contains a general review of the synthesis

and properties of polyimides used in the electronic industry.

Emphasis was placed on the homo- and copolymers with

photosensitive properties pertinent to the research described

herein. Consequently, photosensitive polyamic acids and

polyimides will receive substantial attention.

2 · 1 I21;2922122
Since the mid-1950's microelectronics has become a

dominant influence in our lives. This integrated circuit

revolution was driven by the need for very small and

lightweight electronic circuits for computer, military and

aerospace applications. After development of the first

transistor and later, the integrated circuit, the

microelectronic industry has now grown into a multi—bil1ion

dollar industry. Integrated circuit miniaturization has

progressed from small-scale, medium scale, and large scale

integration (SSI, MSI and LSI) to VLSI, or very large scale

integration with 105 or more components per chip.

The basic building block in nücroelectronics is the

integrated circuit, which is simply interconnected components

such as resistors, transistors, diodes and capacitors

fabricated directly onto silicon wafer substrates. In cross-

4
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section an integrated circuit is a sandwich of many layers,

the number being dependent on the complexity and density of

the devices. Some of these layers lie within the silicon and

some are stacked on top. Each layer is a unique detailed

pattern composed of either silicon, inorganic oxides, metal,

metal oxides or polymeric materials. When these layers are

precisely stacked one on top of another and interconnected,

these layers form the three-dimensional network structure of

the integrated circuit. The success of a given circuit design

depends on the formation of this precise sequence of layers

to achieve the necessary internal composition. The individual

chips or integrated circuits are then packaged in order to

link them with one another to allow them to communicate with

the outside world.

Polymers are important building blocks used in the

microelectronic industry. For example photosensitive polymers

called photoresist and polyimides are used in the fabrication

of ICs. Polyesters and polyimides are employed in flexible

circuit board manufacturing. IC encapsulating, packaging and

die attach adhesive materials are also primarily polymers.

Each of these polymers is used in these applications due to

their unique properties.

2 -2 Bhaisliiseasssz
Photolithography is the backbone of semiconductor

microlithography and supplies the microelectronic industry
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with high density, low cost chips. The principle of

photolithography is based on. radiation-induced structural

degradation, or alteration of photosensitive polymers called

photoresists. Many photoresists used in semiconductor

manufacturing were originally developed for the printing

industry (20). Refinements have been made over the years

enabling patterning of device dimensions to within a couple

of microns.

The basic steps of the photolithographic process are

outlined in Figure 2.2.1 (21). In a typical process, the

photoresist is applied onto the silicon wafer by spin coating

to form a thin uniform film. With a quartz plate called a

"mask" coated with an opaque material (usually chrome) bearing

an array of circuit design patterns, selected areas of the

photoresists are irradiated. The exposed regions of the

polymer exhibit different solubilities, in certain developing

solvents, resulting in the formation of a relief image of the

mask. Depending on the chemical nature of the photoresist,

either a positive or negative relief image of the original

mask is formed (Figure 2.2.1). Resists which produce negative

images generally undergo crosslinking upon exposure to UV

light, rendering them insoluble in the developer solvent and

are called negative resists. On the other hand, positive

resists experience molecular changes such as chain scission

or changes in polarity rendering the exposed regions more

soluble.
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Figure 2.2.1. Schematic representation of the photo1itho—
graphic process sequence (21).
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The developed areas that remain are used to mask the

underlying substrate for subsequent etching or other transfer

steps. For example, if the underlying substrate were silicon

dioxide, immersion of the wafer into an etchant such as

buffered hydrofluoric acid would result in selective etching

of the SiO2 in those areas that are exposed during the

development step. The photoresist "resists" the etchant and

prevents it from attacking the underlying substrate in those

areas covered by the resist material. The name resist evolved

as a description of the ability of these materials to resist

etchants (21). As the last step, the resist is stripped by

wet chemical or plasma methods. This photolithography

procedure is repeated for every patterned circuit layer on the

integrated circuit device. Manufacturing of semi-conductor

devices requires the generation of many sequential photoresist

images that define the diffusion, insulator and conductor

lines that make up the device.

Resist materials used in this application xnust meet

stringent requirements. lt must not only have high

sensitivity and the ability to resolve small features, but

also must possess excellent film-forming properties that will

adhere well to a variety of subtrates ranging from semi-

conductor, metals and insulators. It must also have

durability to withstand the highly corrosive chemicals, plasma

treatments, and temperature changes encountered during

substrate etching, doping and deposition processes.
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Photoresists have been designed to respond to the output

of simple high pressure mercury arc lamps, whose spectrum is

shown in Figure 2.2.2 (21). This spectrum is arbitrarily

divided into three regions that correspond to the resist

system and the exposure tools used. The region comprising the

366 to 438nm wavelength mercury lines is referred to as the

"near UV" region. The region from 313 to 365nm is the "mid-

UV" region, and below 300nm is designated as the "deep UV"

region. It is currently impractical to use the wavelength

below 200nm because of the absorption of air, and of the

quartz masks and lens systems of optical printers in this

region. Polymers exposed to wavelengths between 200nm and

300nm can undergo crosslinking and chain scission because the

energy (>100kcal/mole) is greater than the bond energy of

organic carbon—carbon bonds. In the UV range between 300nm

to 438nm, where less energy is available, chromophores are

incorporated into the polymer backbone to enhance crosslinking

efficiency or to create a differential solubility between the

exposed and unexposed areas.

2 -3 £2.lzi·21s.*s.2.=äs..!.a-121ezssisisizssigiaäsissxisa
Very large scale integrated circuits (VLSI) require

multilevel structures consisting of alternating unetal and

dielectric layers to achieve high density interconnection.

The function of the interlayer dielectric in this multilevel

structure can be broken down into three requirements: 1. it
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must provide planarization of underlying topography while

allowlng high resolution patterning of "via" holes needed for

contact between metal layers, 2. lt must provide insulation

integrity, and 3. it must contribute minimally to device

capacitance (22).

Insulating or dielectric layers of the metal interconnect

system are generally referred to as "intermetalllc

dielectrics." These materials are traditionally inorganic

silicon—based materials such as silicon dioxide, poly-

crystalline silicon, or silicon nitride, 1-2 microns thick

(23-25). The layers are deposited by sputtering, evaporation,

or by a chemical vapor deposition (CVD) process which uses

high temperatures or plasmas to decompose selected gases. The

product is a thin conformal film of insulating xnaterial

deposited on the substrate.

The top or passivation layer of an integrated circuit,

also a dielectric material, is a protective coating masked and

etched by lithographic techniques to define openings through

which the exposed metal can be attached to the chip package

by metal wires or leads. This overcoat serves to protect the

chip against mechanical damage and against moisture and ionic

contaminants which can gain access to the circuit

metalllzation via the bonding pad openings or defect sites,

which could lead to corrosion of the internal metallization

and metal leads. A variety of inorganic thin films have also

been used as passivation overcoats by the semiconductor
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industry including silicon dioxide, quartz, and silicon

nitride deposited by sputtering or CVD (24,25).

Inorganic dielectric materials which are deposited

conformally often have many inherent problems, both from the

standpoint of deposition and of photolithography. Film

thicknesses of inorganic films are limited to two microns or

less. These films tend to reproduce the topography of the

underlying substrate since they lack any planarizing

properties. Problems that are typically encountered are poor

step coverage and thinning of the coating over sharp surface

structures. Thicker inorganic films are prone to cracking.

Poor step coverage of these films ultimately leads to poor

linewidth resolution and long—term reliability problems

stemming from cracks and discontinuities in the conducting

and insulating layers (26).

The ability to planarize topographical features has

become a crucially important property of the interconnect

dielectric layers. New materials which would enable

planarization of the individual interconnect layers have

recently become the subject of intensive research. Organic

polymers which previously have never been used as a permanent,

embedded dielectric layer within the IC structure are now

being investigated because of their superior planarity over

inorganic dielectrics (40).

Organic polymers must meet the same requirements imposed

on inorganic materials in order to be used as a dielectric
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layer. For example, the polymers must have minimal outgasing

of residual solvent or moisture. Stability up to 4oo°c

without volatile by-products is necessary for the subsequent

metal sinter step required in IC manufacturing. The glass

transition temperature of the polymer must be higher than any

of the other processing temperatures including packaging and

soldierlng steps, which range from 200-400°C, in order to

avoid structural deformation in the interconnect device. The

desired material properties have been summarized and

translated into structural features listed in Table 2.3.1

(27). Based on these criteria polylmide homo- and copolymers

appear promising.

Polyimldes as a class of polymers have been known for

quite some time. One of the first attempts to prepare a

polyimide is believed to have been as early as 1908 (28).

Polyimides have been used in the electronic industry for some

time as polymer insulation materials because of their

excellent electrical and mechanical properties at elevated

temperatures (29). One of the first commercially available

resins for electrical insulatlon was marketed by DuPont in the

1960s under the trade name Pyre-ML (30). Early in the 1970s

the semiconductor industry began evaluatlng this resin as a

spin-coated thin fihn dielectrlc. This smne polymer was

already established as a planar lnsulating material in other

branches of electronics in the form of a cured film marketed

by DuPont under the tradename of Kapton. The initial work in
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Table 2.3.1. Criterla for an Organic Dieleetric Insulator

(27).

Desire Property Structural Feature

Planarizability *LowMolecularWeightPrepolymer
(viscous flow before eure)

No Microporosity *Cured by Addition Reaction

Thermal Stability (400°C) *Incorporate Aromatic Units

No Moisture Pick—up *El iminate H20 Adsorbing Groups

Low Dielectric Constant *Eliminate Polar Groups

Lithographie Sensitivity *Photosensitive Prepolymer

High Mechanical Properties *0ptimize Molecular Weight and
Network Structure
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the area of polyimide as a multilevel interconnect dielectric

was published by Hitachi Central Research Laboratories in 1973

(31,32). Use of polyimide as a final passivant layer was also

reported (33). Since then the literature found on the use of

polyimides in the microelectronic industry has proliferated.

Today many polyimide manufactures have an entire line of

"semiconductor grade" polyimide products which vary in their

viscosity, percent solids, and chemical structure to achieve

the desired effect.

2
-4Properties whichrnake polyimides suitable substitutes for

inorganic dielectrics are listed in Table 2.4.1, which

compares a commercially available polyimide called PIQ

polyimide marketed by Hitachi (see Figure 2.4.1) with other

inorganic materials typically used in IC manufacturing (26).

An important feature of the polyimide is its relatively low

dielectric constant, below 3.5, which is typical for many

organic polymers. As can be seen in Table 2.4.1 this

dielectric constant is somewhat comparable to that of silicon

dioxide but significantly lower than that of silicon nitride

and silicon. The dielectric break-down strength and volume

resistivity also closely resemble those of silicon dioxide and

other inorganic insulators (34-36). In addition to the

electrical properties some physical properties are also listed

in Table 2.4.1. Even though polyimides are not as thermally



>~
U \D·d I
3 20:6

Xäwg tb NON?·-•¤
6|666¤nO0 OIQOQ•>b•~•
6|66-1N

3HE-G-—

ä§‘ä—'? *6%
0 G

00h lblh IBIHI
-—•M4-*> Q¢¤cOI
¤.¤I¤—·* 66-1661

3
HU
4-*: IDNO
UB

~•-••OU MIQ
6m |5lO
DC I¤•In•-•¤\I·•·1O ••-l•II|
¤¤ I'•\6M!~l~I

U
:

ä
¤*
2 SS -4-— noaooN HU ¤N•-•o-no—* EO •.n~1•¢~¤~c~o

n
‘·'

V-——16•-IN-0
6 6
B >••

~·•
UW

" E"?0

B0 0
¤ Eä’ST Ä

U i

M
0 „:
g; u•-1

¤*6:¤>M4-‘°
ST
IE éßa “‘

vdmc IB IOl :«—«•u r~c¤•¤•
r~H GJ (7* •N ••®·¤•

E-<><~· 6-•6~¤N0
,3

v
WO

3 3'“
~•·•

¤X
UH0

U-
Q. -6N
Q GUI

:u:
: :¤r¤*u O~¤r~~.¤r~0 O·-40* 0...-044

-:
O ¤*vI„ I-E 58.o 0: MEKü •¤»—

uo··•
4-*Q.N WUM Cxl

0~•-«
6

O ..2
"’2

T-7*5
U

‘•-*E~¤
O om :H-IMO 5 II UGwww-« Ivrmm UH• 0.: 0. .. va 56 U4-Ix NN¤Nc\N wö:

V H• -4 UG

°'
‘°

E?·•-I
Q M QM wu6 an Nzo -154
2 4-* Ol OMN6 gl H·¤•·-4—6»-<•-4E-•

A-wm¤n¤:-1: •¤.¤



17
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Figure 2.4.1. Structure for Hitachi's PIQ (polyimide and
isoindoloquinazolinedione).
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stable as the inorganic isolators, their thermal stability is

high enough to allow them to be used in computer chips with

a decomposition temperature of 450-500°C. Less desirable

features of polyimides are the high coefflcient of thermal

expansion and low thermal conductivity. Stresses in polyimide

films due to the coefficient of thermal expansion mismatch

between polyimide and substrate, drying, and curing have been

studied (37). Regardless of their high coefficient of thermal

expansion, polyimides exhibit less residual stresses than

inorganic dielectrics (37). Good mechanical stability of the

polyimide is indicated by a high Young's modulus, elongation

at break and high tensile strength. Other properties which

make polyimide suitable for dielectric and passivation

application are their excellent chemical resistance and

radiation resistance. A list of physical and electrical

properties for DuPont's commercially available polyimides PI

2540 and PI 2550 and Hitachi's polyimide PIQ are shown in

Tables 2.4.2a and 2.4.2b (33,38-39).

The single most important property which make polyimides

particularly attractive as an interlevel insulator is the

ability to planarize underlying topography. Figure 2.4.2

schematically shows the difference in planarization ability

between an inorganic dielectric such as silicon dioxide with

the organic polyimide dielectric (40). In Figure 2.4.3a

"steps" are formed in the inorganic dielectric material due

to underlying topographical features on the substrate (40).
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Table 2.4.2a. Comparison of Commercially Available Polyimide
Physical Properties (39).

PI 2540 PI 2550 PIQ
(PI 2545) (PI 2555)

Tenslle Strength 17,000 psi 19,000 psi 14,500 psi
(ultimate)

Elongation 25% 10% 9.5%

Density 1.42 gm/cc 1.39 gm/cc 1.4 gm/cc

Refractive Index 1.78 1.70 1.62

Flexibillty 180° bend no cracks (same for all
polyimide types)

Table 2.4.2b. Comparison of Commercially Available Polyimlde
Electrical Properties (39).

PI 2540 PI 2550 PIQ
(PI 2545) (PI 2555)

Dissipation Factor .002 .002 .002
(1kHz)

Dlelectric Strength 4000v/mil 4000v/mil 8890v/mil

Volume Resistlvity 1016 ohm-cm 1016 ohm—cm 2x1017 ohm—cm

Surface Resistivity 1015 ohms 1015 ———

Dielectric Constant
(1KHz) 3.5 3.5 3.45
(1MHz) 3.75 3.75 3.8
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dielectric (b) polyimide (40).
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However, these steps are eliminated with the use of a

polylmide lnsulator (Figure 2.4.3b), thus making a planar

layer for subsequent metal line deposition. Many papers have

been published on the use of polyimldes in microelectronics

because of their ability to planarize underlylng topography

(41-49).

Even though the critical advantage of organic polymers

over inorganics as an intermetallic dielectric is the

planarizing ability, this feature alone does not enable

polyimides to become the choice alternative. Another

significant property of polyimides is their high thermal

stability. Materials used must be thermally stable to 400°C

since certain process steps such as deposition, sputtering and

bonding operations are done at or below this temperature.

Many commercial polyimldes claim initial weight loss above

450°C.

Polyimide thermal stability can be determined by

thermogravimetric analysis (TGA) in a variety of atmospheres

such as air or nitrogen, and by'monitoring1nechanical property

changes as a function of thermal aging. Lee et al. proposed

a mechanism of thermal degradation of polyimides in standard

atmospheres based on three degradative reactions (47). The

first is deterioration in air which can be attributed to

radical-initiated oxidation. A hydrolysis mechanism is

predominant at moderate temperatures and high humidity. In

an inert atmosphere, polyimides degrade through a pyrolytic
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reaction yielding carbon monoxide and carbon dioxide as the

major decomposition products. Lee et al. also found that

substrate materials in contact with polyimide exert an

influence on the decomposition rate in an air environment

(47). For example, polyimide on aluminum at soo°c in air has

less weight loss than the neat polyimide film at the same

temperature (see Figure 2.4.3) (47). They hypothesized that

the improved thermal stability of polyimide on A1 is due to

the preferential reaction of oxygen with aluminum at s0o°c,

therefore reducing the concentration available to attack the

polyimide.

2.5 gsiyimide Synthesis (Two—step polycondensation)

2.5.1 Poly(amic acid) synthesis

Polyimides are heterocyclic chain polymers which are

characterized by the presence of the imide functionality, a

cyclic nitrogen bound to two carbonyl groups (Scheme 2.5.1.1),

and may contain either aliphatic or aromatic groups in the

polymer backbone.
O O
Il ll

/cx/cx
N R N--?
\C/ \C/

Il Il
O O n

Scheme 2.5.1.1

Typically, synthcsis of polyimides occurs by a two—step
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Figure 2.4.3. Weight loss as a function of time for
polyimide (pyromellitic dianhydride and 4,4'-
diamino diphenyl ether) (47).
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method. This method was first disclosed by workers at DuPont

in the mid 1950s (50,51). The first stage of this reaction,

shown in Scheme 2.5.1.2 involves the formation of the

polyimide precursor polymer, polyamic acid, by a

polycondensation reaction of an acid dianhydride with a

difunctional amine. This reaction ls usually carried out at

ambient temperatures in dipolar aprotic solvents such as the

solvents listed in Table 2.5.1.1 (52).

Over the years a large number of polyamic acids have been

prepared from various aliphatic and aromatic dianhydrides and

diamines, but aromatic constituents are primarily used in the

preparation of polyamic acids for use in IC (52). Table

2.5.1.2 lists some known monomers of commercial semiconductor

polyimides prepared by this two step method (26). Perhaps the

best documented of these are the aromatic monomers

pyromellitic diahydride (PMDA) and 4—4'—diamino diphenyl ether

(DADPE), otherwise known as oxydianiline (ODA), which are the

monomers used in DuPont's Kapton film (Scheme 2.5.1.3).

C)

O O n

Scheme 2.5.1.3

Hitachi's PIQ consists of isoindoloquinazolinedione and

ordinary polyimide shown in Scheme 2.5.1.4.
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Scheme 2.5.1.2. Polycondensation reaction between an
aromatic dianhydride and an aromatic diamine
(47) .
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Table 2.5.1.1. Solvents for Poly(amic acid) Synthesis (52).

N,N-dimethyl formamide N—methyl—2-pyrrolidone

N,N—dimethyl acetamide pyridine

N,N-diethyl fcrmamide dimethyl sulfone

N—methyl caprolactam tetramethylene sulfone

N,N—dimethylmethoxyacetamide hexamethylphosphoramide

Dimethyl sulfoxide N—acety1—2—pyrrolidone
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O

Scheme 2.5.1.4

This structure is said to have greater thermal stability due

to the addition of an extra ring (32).

The success in achieving high molecular weight poly(amic

acid) is dependent on the reactlon conditions. These

conditions include the use of extremely pure monomers, which

are greater than 99 percent pure, exclusion of moisture,

choice of solvent, and low to moderate reaction temperature

(53,54). At higher temperatures above so°c possible side

reactions may occur which would limit molecular weight. These

side reactions are as follows: (1) partial conversion of the

polyamic acid to polyimide causing the release of water that

could hydrolyze the poly(amic acid); and (2) extensive

conversion to polyimide which could result in precipitation

of low molecular weight polymer from the reaction—solvent.

Another important parameter in making high molecular weight

polymer is the order of monomer addition. Typically poly(amic

acid) are synthesized by the addition of the dry dianhydride

crystals to a rapidly stirring diamine solution at room

temperature (55). This order of addition yields higher

molecular weights when compared to the reverse order of

addition. This has been explained in two ways. First, the
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dianhydrlde is moisture sensitive and could react with

residual water in the solvent before the dlamine is added,

causing an upset in the 1:1 stoichiometry, resulting in a

lower molecular weight polymer. Another reason could be the

partial complexation of the dianhydride with the solvent.

Poly(amic acids) are highly soluble polymers, but are

hydrolytically unstable in this form. They are typically

stored in their reaction solutions under an lnert atmosphere

to protect them from moisture. Even under these storing

conditions, poly(amic acids) have a limited shelf-life due to

their sensitivity to temperature, concentration, and moisture

(52). Concentrated solutions are more stable than dilute

solutions, and can be stored for longer periods of time at low

temperatures (below 0°C in the absence of moisture).

2 -5-
2The poly(amic acid) may be converted to the polyimide by

a thermal treatment of thin solution cast films (53,54,56-

58). This heat treatment, known as "curlng,” typically is

admlnistered in a step-wise fashion to remove most of the

solvent and cause cyclodehydration. The curing process

involves three different actions: (1) removal of solvent; (2)

covalent bond formation in a two-step ring closure; and (3)

the release of two molecules of water per polymer repeat unit

(Scheme 2.5.2.1). A typical curing cycle might be as follows:



30

Q Q H O O H
8 8 lll 8 8 1l1 R'n 0< >R< >0 + n H2N—R'—NH2 ——» \R/
3300 0 0 „

Dionhydride Diomine Polyomic Acid

H O O H O O
1*1 8 8 8)R< H

—2··· N(C)R(C>N‘**' * 2**20
ll ll

O n O O n
P0Iy0m1c Acid Polyimide



31

2) One hour at 100°C

3) One hour at 200°C

4) One hour at 300°C

5) Cool down to room temperature.

Temperatures higher than 300°C may be required in order to

complete the imidization process, depending on the final glass

transition temperature of the polyimide formed. However, a

majority of the imidization occurs in the temperature range

of 150°C to 200°C, but there is not adequate chain mobility

for complete conversion of the polyamic acid to the polyimide

at these temperatures. It has been reported that two

polyimide moieties within the polymer chain can hydrogen-bond

up to seven water molecules which are difficult to remove,

especially in the rigid, fully imidized chain network (59-

61). Because of this, some users of polyimides in

microelectronic applications employ an additional quick,

superhot (420-450°C) bake to remove water.

One proposed mechanism of imidization involves the

equilibrium of the ortho carboxylate anion with the amide

hydrogen which affords an easy ring closure route releasing

a molecule of water (62). This mechanism is shown in Scheme

2.5.2.2 (62).

A number of methods to monitor thermal imidization have

been described in the literature. One of the earliest methods

cited is IR spectroscopy which gives semi-quantitative data

on the polyimide cure by monitoring the disappearance of the
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Scheme 2 . 5 . 2 . 2 . Proposed Mechanism of Imidi zation (62).
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N-H band at 3247
cm”1

and the appearance of characteristlc

imide bands at 1770 cm'1 and 725
cm“1

(47,63). Other

researchers have synthesized model compounds and polymers and

have identified important imide band regions listed in Table

2.5.2.1 (64-68).

Kinetic studies of the imidization using IR techniques

have been reported by Kruez et al. on solvent cast films of

poly(amic acids) (62). Imidization was found to proceed by

a two—step ring closure through a fast step (activation energy

AE=26 I 3 kcal/mole, entropy of activation ZlS=—10 e.u.) and

a slow step (activation energy ZLE=23 I 7 kcal/mole, entropy

of activation.AS=—24 e.u.). The difference in the two values

of activation energy is not significant but the differences

in the entropy of activation indicates that the control of the

rates resides in the frequency factor. The slower rate of the

second ring closure is due to the more negative entropy of

activation associated with a steric restriction factor. As

imidization proceeds, the glass transition temperature

increases and the polymer chains become more rigid, inhibiting

alignment of the reactive groups (68). Other IR studies have

shown that the rate of imidization is dependent on other

parameters such as imidlzation temperature (62,65,68,69-73)

chemical structure (71,79), casting solvent (65,69,71) and

film thickness (75).

Another very sensitive method of monitoring the

imidization of a poly(am1c acid) is the measurement of the



34

Table 2.5.2.1. Important Imide IR Bands.

Imide I 1780-1770 cm°1 and 1730-1720 cm”1

Imide II 1400-1340 cm°1

Imide III 1140-1100 cm“1

Imide IV 740-710 cm'1

amide band 1540-1550
cm”1

A
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dielectric dissipation factor (22,47,76). The dissipation

factor decreases with increasing cure temperature until full

cure is reached. It appears to proceed in discrete stages

(Figure 2.5.2.1). This technique detects both the temperature

at which maximum cure is obtained and the rate of achieving

it (22). Not only is the series of curves shown in Figure

2.5.2.1 unique for a particular polyimide chemistry, but also

for a given film thickness. The Tan delta versus time curve

in Figure 2.5.2.2 also illustrates the two distinct phases of

time evolution reflectlng the two stage nature of the

imidization process (47).

Thermal imidlzation of polyamic acids in solution has

also been studied. One of the first attempts to imidize

poly(amic acids) in solution was performed in refluxing NM

at 200°C (77). High umlecular weight polyimide was not

obtained possibly because of one of two reasons. One reason

was the water released during imidization remained in the

solvent to cause hydrolytic degradation of the po1y(amic

acid). Another more likely reason was premature precipitation

of the polyimide formed during imidization.

In a more recent study it was demonstrated that

hydrolysis of the poly(amic acid) could be avoided if the

imidization in solution was carried out in the presence of

"azeotroping agents" capable of removing the water of

imidization (78). Polyetherimides were successfully solution

imidized in solvents such as phenols and cresols used along
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with azeotroping solvents such as toluene or chlorobenzene at

temperatures in the 160°C to 180°C range. Quantitative

imidization, was possible at temperatures below the glass

transition because the polymer was solubilized during

imidization, allowing adequate mobility of the polymer chain

for quantitative ring closure.

Alternative routes to obtain polyimides such as from a

disocyanate reaction (79-90), a nitro displacement reaction

(91,92), and a Diels-Alder reaction (93,94) have been

previously reported. Since polyimides used in microelectronic

applications are almost exclusively synthesized by the

classical two—step method of reacting a diamine with a

dianhydride, these other routes to polyimides will not be

discussed here.

2.6 Qglyigide patterning (Etching)

2.6.1 Wet Etching

Polyimides used as interlayer dielectrics must be

patterned to open "via" holes for metal contacts in integrated

circuits. Patterning of polyimides is also required when they

are used as a passivation overcoat to form a bonding pad

location for packaging. Polyimides are typically patterned

by either a wet—etch or dry etch technique using photoresists

as an etching mask to transfer the developed pattern.
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Historically, Japanese workers at Hitachi were the first

to implement wet-etchlng when they developed a hydrazine-

based etchant (95) capable of patterning fully cured

polyimides (96,97). The process they developed used a

photoresist polymer spin—coated on top of the polyimide layer,

which was then exposed and developed to produce the desired

pattern. The pattern was transferred to the polyimide by

dipping the silicon wafer into hydrazlne hydrate to

selectively etch the unmasked areas of the polyimide. The

etchant left the masking material, a negative photoresist

intact. The resist material was stripped in a subsequent

step. .A hydrazine—based etchant which contains an amine

compound, ethylenediamine, developed by Hitachi has a linear

etch rate (1,98). Since hydrazine—hydrate is highly toxic and

because of the availability of safer procedures, hydrazine-

based etchants are not conuwnly used in United States.

A„partially cured polyimide with carboxylic acid moieties

along the polymer backbone can react with strong bases. This

reaction results in a high-charge ratio of carboxylate groups

which makes the polymer chain soluble in aqueous base and

other polar solvents (99). Typical commercial positive resist

developers such as 0.05-0.5N solutions of tetralkyl ammonium

hydroxide, sodium hydroxide, and potassium hydroxide can

attack and remove unprotected polyimide areas masked with

negative or positive resist (100). The etch rate of uncured

poly(amic acid) is approximately five microns per minute,
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which is too rapid to control. Therefore, the polyamlc acid

is partially imidized by a heat treatment prior to the etching

process. The degree of lmidlzation and the amount of solvent

remaining after bake determine the etch rate of the polyimide.

Careful control of the temperature, time, and conditions of

the initial po1y(amic acid) bake determines the degree of

imidlzation and etch rate (101). Figure 2.6.1.1 shows the

variation in etch rate as a function of degree of polyimide

cure (101).

Typlcal wet etch processes using positive or negative

resists are given in Figure 2.6.1.2. First the poly(amic

acid) is applied to the silicon wafer and soft baked. The

photoresist is then spin~coated on top of the partlally cured

polyimlde, prebaked aligned and exposed, and developed to give

the relief pattern. The major difference between the two

processes is the addition of a separate step required in the

negative process. In the negative resist process the resist

must be developed with negative resist developers such as

xylene which will not etch the underlying polyimide. After

the resist ls patterned, the polylmide is etched with an

aqueous base solution (102). However, in the positive resist

process, the two steps of reslst development and polyimide

etch are combined into one. Once the base developer

penetrates the resist layer, it begins to etch the exposed

underlying polyimide. The resist can then be removed using

couumrcial resist strippers which are organic solvents that
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do not affect the patterned polyimide. Using positive

photoresists is the method of choice among wet etching

processes because they are developed in aqueous base which

does not swell the patterns formed.

2·6·2 Qzaäxshias
Polyimide etching by plasma is more desireable than wet

etch methods because it gives superior resolution and

uniformity. Oxygen and oxygen mixed with small amounts of

fluorine containing gases such as CF4 and SF6 are used in

plasma etching of polyimides (103). The etch rate of the

plasma is a function of all the parameters which include

plasma reactor type, power, pressure, temperature, time, and

gas composition. Polylmides and photoresists etch at

different rates depending on their chemical composition.

However, a one—to—one etch ratio of aromatic resist to

polyimide is usually assumed. Therefore, the photoresist is

approximately twice as thick as the polyimide in order to

serve as an etch mask.

Reactive ion etching (RIE) and reactive ion milling (RIM)

can also be used to pattern polyimides as a dry technique

(34). These techniques are more directional and can achieve

higher resolution and vertical sidewalls required in some IC

applications. RIE and RIM are usually used in conjunction

with more complicated masking techniques than plasma etching.

Generally, "hard" or ”non-erodible” inorganic masks are used
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which etch at a lower rate in oxygen or oxygen/fluorine

mixture RIE than polyimide. Various metals and inorganic

insulators have been used for this purpose such as A1 (104),

Mo (104), Cu, silicone—nitride, and silicon dioxide (34).

Oxygen plasma etching degrades the polyimide both by

oxidative attack and UV degradation. In plasmas where oxygen

and CF4 gases are mixed X—ray photoelectron spectroscopy (XPS)

has shown that polyimides first incorporate fluorine into the

polymer matrix as a mixture of CFX—type compounds and then

undergo enhanced oxidative degradation (105). However, the

presence of excess amounts of fluorine atoms inhibits plasma

etching (106).

Figure 2.6.2.1 shows schematically the simplest process

of polyimide oxygen plasma etching using a photoresist mask.

In all dry etch method techniques the polyamic acid is applied

to the silicon wafer and fully cured before the photoresist

is applied on top. The photoresist which is approximately

twice as thick as the underlying fully cured polyimide, is

spun, exposed, and developed using standard photolithographic

procedures. After the developed patterned is formed in the

photoresist, the pattern is transferred to the polyimide by

plasma etching. The resist is also being etched along with

the polyimide, The remaining resist can be chemically

stripped or if the process is adjusted precisely all the

resist can be stripped during the plasma etch cycle. Since

the photoresist mask isotropically erodes away at about the
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same rate as the polyimide, the final dimensions of the

polyimide via holes is the same size or larger than the

printed relief image. In production of IC the practical

limitation on the resolution are about 5 x 5 micron via holes

for a 1-2 micron thick film. The etch techniques and

photoresist systeuzdetermine the wall slope, resolution limit,

and dimensional control. The general criteria used to select

a dry etch process are resolution requirements, desired etch

profile, polyimide thickness, and equipment available. The

slightest process Variation often produces significant

differences in the final product.

2

·72.7.1 Qhgtgggggitive Poly(amic agiggl

Due to the number of processing steps required in

patterning polyimides by the wet or dry etch methods numerous

investigations on the development of'photoimageable polyimides

have been motivated. Photosensitive polyimides could be

patterned like a photoresist eliminating the etching

processes, and they could remain incorporated as a permanent

part of the electronic device due to their thermal and

mechanical stability.

The first method of designing a photosensitive polyimide

was to incorporate photosensitive functional groups into the

backbone of the polyamic acid. Kervin and Goldrick of Bell
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Telephone Laboratories took this approach as early as 1971

(4). They added potassium dichromate to the polyamic acid,

yielding a photosensitive polyamic acid. The polyamic acid

that they used in their study was a commercially available

polymer sold by DuPont under the trade name of Pyre-ML, which

is a 13% solids solution in N—methyl—2—pyrrolidone made from

the monomers pyromellitic dianhydride with 4,4-

diaminodiphenylether. The potassium dichromate used as the

photochemically active crosslinking agent was added to the

polymer solution just prior to use due to the unstable

solution formed. The modified polyamic solution could be spun

onto the silicon substrate and exposed and developed to form

the relief image, then subsequently heated above 250°C in

order to convert the polyamic acid to the polyimide. The two

major problems with this approach were that relief images

formed would shrink during the polyimide cure cycle giving

poor line width control and adhesion to the substrate, and the

presence of the dichromate salts would decrease the thermal

stability of the polyimide formed.

Another approach in forming a photosensitive polyamic

acid was to incorporate photosensitive organic functional

groups, instead of inorganic crosslinking agents, into the

polymer backbone. Rubner et al. incorporated methacrylic

groups into the polyamic acid by an ester type reaction (5,6).

The reaction scheme used is shown in Scheme 2.7.1.1 (5).

First the pyromellitic acid dianhydride was converted into the
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corresponding pyromelltic acid diesters by addingß—oxyethyl-

methacrylate at room temperature (Scheme 2.7.1.1a). The

diester was then reacted with thionyl chloride to form the

acid chlorides (Scheme 2.7.1.1b). The last step was to add

the diaminodiphenylether to form the high molecular weight

poly(amic acid) with the pendant photosensitive methacrylic

groups (Scheme 2.7.1.10).

The method of processing the photoreactive prepolymer is

illustrated in Scheme 2.7.1.2 (6). Like conventional

photoresists, the ester—1ike bound photoreactive groups can

be crosslinked to forn1 patterns simply by selective UV-

exposure and subsequent development. Because of their

structure, the crosslinked polyamic acid patterns can

chemically converted into polyimide patterns by curing at high

temperatures. During cyclodehydration, the remaining

photoreactive groups and the crosslinked bridges are

volatilized in the form of alcohols and polyalcohols. A

characteristic weight—1oss curve is shown in Figure 2.7.1.1

(5). The steep initial slope at 275°C is due to the rapid

cyclization and evaporation of the /9-oxyethylmethacrylate.

At 400°C further weight loss is shown by the volatilization

of the former crosslinking bridges. This volatilization and

split—off of photoreactive compounds and crosslinking bridges

causes a 30-50% decrease in film thickness.

Other similar photosensitive polyamic acid systems were

presented in 1982 at the First International Conference on
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Polyimides (6-9). H.J. Merrem and coworkers demonstrated that

a more photosensitive polyamic acid could be synthesized by

using a different light sensitive compound such as

pentaerythritriallylether instead of the methacrylic groups

(7). Their photosensitive polyamic acid was synthesized in

a similar manner as Rubner's system and is outlined in Scheme

2.7.1.3 (7). A second method used by Merrem to increase the

sensitivity was the addition of monomeric polyfunctional

crosslinkable systems to the poly(amide acid ester) such as

2,4,5-trisal1yloxy—1,3,5-triazin, along with a comonomer such

as maleimide, and a photoinitiator such as Michler's ketone.

By addition of these sensitivity enhancers the sensitivity

increased to 120-130 mJ/cm2 from 650-700 mJ/cm2 as previously

reported by Rubner for a one micron thick film. Two other

photosensitive polyamic acid systems were reported at the

First International Conference on Polyimides claiming to have

increased sensitivity compared to Rubner's polyamic acid

system. However, the chemical structure and reaction of the

photosensitive group used to synthesize the polyamic acid

ester were not discussed.

Companies like DuPont (107) and Ciba—Giegy (108) have

commercially available photosensitive polyamic acids based on

the pioneering work of Rubner et al. of Siemens Company (5,6,

109). Ciba—Geigy corporation added novel sensitizers to the

poly(amic acid ester) in order to make a more photosensitive

system tailored to the exposure wave length of 365nm and
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marketed under the trade name of Probimide 300 (108). Film

thicknesses up to 70 microns thick have been patterned using

this system. DuPont Company has patented a similar

photosensitive polyamic acid using the dianhydride, 2,3,-bis

(3,4—carboxyphenyl)—hexaf1uoropropane dianhydride, instead of

the commonly used pyromellitic dianhydride, reacted with 4,4-

diaminodiphenylether (107). Unlike Rubner and coworkers,

workers at DuPont reacted the diamine and dianhydride to first

form the poly(amic acid) and subsequently reacted the

carboxylic acid groups along the polymer chains with

monoepoxides to form the esterlike photosensitive groups. The

two olefinically unsaturated monoepoxides used were the

unsaturated epoxides glycidyl acrylate and glycidal

methacrylate. A polyfunctional acrylate compound and a

photoinitiator system comprising hydrogen donor initiator and

aromatic bimidazole were added to the polymer to increase the

photosensitivity of the system (107).

Another more recent study by
’T.

Omote and coworkers

reported the synthesis and characterization of novel fluorine-

containing photoreactive polyimide precursors (110). The

polyamic acid was first synthesized by the polycondensation

of diamines with tetracarboxylic acid dianhydrides, followed

by esterification by addition of 2-hydroxyethyl (metha)

acrylate. The structures of the photoreactive polyamic acids

are shown in Figure 2.7.1.2 (110). The polymers containing

the benzophenone moiety along the polymer backbone were more
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photosensltive than the other polymers at the 365nm exposure

wavelength. The benzophenone moiety was thought to act as a

photosensitizer to allow the crosslinking reaction to take

place more efficiently. However, the fluorine containing

polymers had the advantage of being less optically dense at

365nm, and therefore more transparent to the UV light.

Po1y(amic acid siloxane) segmented copolymers were also

reported to be made photoreactive by workers at General

Electric Company (111,112). Methods similar to Rubner's were

used to incorporate photoreactive groups into the polymer

backbone. Polydimethyl siloxane oligomers with either

anhydride or amine end groups were reacted with the

appropriate aromatic diamlne or dianhydride to yield high

molecular weight poly(amic acid siloxane) copolymers. A

monoepoxide containing either a photoreactive acrylate,

cinnamate or 2,3—diphenylcyclopropenol ester functional group

was reacted with the pendent carboxylic acid groups on the

poly(amic acid siloxane) to yield a photosensitive prepolymer.

In some cases acryloyl chloride, and isocyanotoethyl

methacrylate were used to incorporate photoreactive functional

groups into the polymer chain (111). Bis—maleimide terminated

siloxane oligomers and photosensitizers were added to the

poly(amic aclds) to enhance the sensitivity to UV light. Bis-

maleimide terminated oligomers can also be photolytically

crosslinked with the poly(amic acid) having pendent aromatic

groups via a 1,2—cycloaddition reaction forming a bridge
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between two polymer chains (112).

Novel positive photoreactlve poly(amic acids) containing

ok[2-nitrophenyl] ethyl ester side chains have been reported

by S. Kubota, et al. (113,114,115). Unlike previously

discussed photosensitive polyamic acid systems which undergo

crosslinking when irradiated by UV light, these systems

undergo a photochemical rearrangement rendering them soluble

in aqueous bases. The monomers containing the photosensitive

groups were prepared by a two step synthesis procedure

outlined in Scheme 2.7.1.4 (115). Both biphenyl—

tetracarboxylic acid dianhydride and pyromellitic dianhydride

were used in these studies. The synthesis of the

photoreactive monomers was carried out with the reaction of

the dianhydride and 0—nitrobenzyl alcohol in toluene. The

acid chlorination was carried out by the use of thionyl

chloride in the presence of dimethylformamide as a catalyst.

The polyamic acids were synthesized from the diacld chlorides

and diamines by means of a solution polymerization in
N,N‘—

dimethylacetamide at an ice bath temperature as shown in

Scheme 2.7.1.5 (115). Various molecular weight poly(amic

acids) were obtained by adjusting the stoichiometry of the

monomers with an excess of dlacid chloride.

The 0-nitrobenzyl ester groups introduced into the

poly(amic acid) chain undergo an intramolecular

photoarrangement by UV irradiation. Figure 2.7.1.3 shows the

change in IR absorption spectra of a polyamic acid film upon



58

O
u
(B/C

C\0\ @ @ 0 . 2 CHzOH
C C'
ll IIO spcm O

l ws
NO2

NGZ lsoczzz
H2OOC

© ©
COC? NO2

CEOC CO%H2© NBBPC

Scheme 2.7.1.4. Synthesis of photosensitive monomers (115).



59

NBBPC + HzN·R-NHz
$+1612

Noz
gOOC

©
CONH·———————R——-——)·|T·

——£-——HNoc COOCHz©
O2N

¤~Scheme2.7.1,5. Synthesis of photopositive poly(amic acid)
(115).



60

Irrodiotion time /Arom

Osec / /ester
omade '“"°Ö

¤>
E
E I
E 30se<:

*
i

Ihc
¤ab

I
I00sec

*
t

I • I

3000 2000 l500 I000 500

Wovenumber , cm·*

Figure 2.7.1.3. Change in IR spectra of photopositive
polyamic acid after irradiation (115).



61

irradiation. There is a decrease in the intensity of the

nitro group peak at both 1520 and 1340 cm'1. The

rearrangement reaction that is believed to occur is shown in

Scheme 2.7.1.6 (115). The exposed areas of the film were

soluble in aqueous base developer. Unlike other positive

photoresist systems, the sensitivity of the poly(amic acid)

decreased with increased molecular weight. The reason for

this difference was explained by the fact that most positive

resist systems undergo chain scission making the difference

rate of dissolution in developer greater for high molecular

weight material. However, in this systenx the functional

groups causing the polymer to be more soluble are formed by

irradiation without main chain scission of the polymer chain.

Therefore, their solubilities are determined by their

molecular chain length. Increasing molecular weight results

in reduced sensitivity in these photoreactive polyamic acid

systems.

All the photoreactive poly(amic acids) dlscussed here

suffer from two major problems. The first is poor shelf life

of the polyamic acid when stored at room temperature. The

other disadvantage is shrlnking of the pattern during the

imidlzation step, which is a required step after exposure and

pattern development. Shrinkage of greater than 40 percent was

seen in most of the po1y(amic acid) systems, generally

resulting in distorted images and patterns.



62

9 9 9.9
H .

@***0rw/6;
(}—OCOR cf

H 060H H H' ogg;

0
N H NO

..... (jl 2) ——-•-
©

+ RCOCH
C< C=OH’ OCCR} Qi

Schema 2.7.1.6. Schematic raprasantation of 0—nit1•obanyl
estar photoraarrangamant (115).



63

2 - 2 -2 BELEESBEÄSÄXLÄQÄEHÄLBQLZÄEÄQSE
Pfeifer and Rohde of Ciba—Geigy Corporation recently

reported a fully imidized, solvent—soluble polyimide system

that can be directly patterned like a photoresist (10). The

fact that it was a soluble fully imidized polyimide overcame

many of the problems that existed in previous photoreactive

polyamic acid systems. Since a post cure step is not required

the shrinkage was elimlnated. The basic structural unit for

the fully imidized solvent-soluble polyimides is shown in

Figure 2.7.2.1 (10). Pfeifer and coworkers found that many

polyimides with this structure are soluble and inherently

photosensitive. The authors realized that these polyimides

were photosensitive when they were investigating solvent-

soluble polyimides and observed that the polyimides would turn

insoluble when exposed to filtered sunlight. The authors

studied a variety of polyimides formed by reacting

benzophenone tetracarboxylic dianhydride (BTDA) with the

diamines listed in Table 2.7.2.1 (10). All polyimides formed

were soluble except the homopolymer obtained from 2,4-

diaminotoluene (I).

The photosensitive properties of these polyimides were

found to be governed by their chemlcal structure. Soluble

polyimides with the alkyl substituents in the ortho—position

relative to the amino group were more photosensitive than the

polyimides with the alkyl substituents in the meta-position.

Also, as the number of ortho—substituents increased the
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Table 2.7.2.1. Polyimides with B'1‘DA. Glass Transition
Temperatures as a Function of the Methyl
Substitution of the Diamine (10).

Diamine Tg (°C) Diamine Tg (°C)

nc cu(1) Ü 315 ° °
**¤¢ cm 235 (VI)

CH;

(11) 384 ggg (vu;
CH3 Hßc CH;

(III)
III

398
HJC CH) HJC CH;) H;C CH;

cp.;) CH; (VIII)

H;C CH} Hgc CH;
H3C CH;

CH;

H;C CH;

(V) AE)- 439
H;C CH;
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sensitivlty of the polyimides was shown to increase. Another

property found to influence the photosensitivity· was the

chemical nature of the ortho-substituted alkyl substituent.

An isopropyl alkyl substituent containing polyimlde was found

to be more photosensitive than a polyimide with an ethyl

substituent which in turn was found to be more sensitive than

a polyimide with a methyl substituent.

A 1.5 micron thick film of photosensitive polylmide was

reported to require an exposure dose of 270 mJ/cm2 in order

to render it totally insoluble. 3.0 micron spaces were

resolved for a 1.5 micron thlck film, corresponding to an

aspect ratio of 0.5, when patterned through a mask. The

authors found that if a thin film was heated above 350°C for

ten minutes that it would also render the film insoluble even

before UV exposure. Since the polymer was already imidized

no volatiles were given off, other than residual solvent, when

heated to high temperatures. Therefore, the thickness

retention was found to be 91-95% rather than approxlmately 50%

for photosensitive polyamic acids.

Even though the workers at Ciba—Geigy had studled the

photosensitive properties of the soluble polyimides, they did

not know the mechanism of UV inltiated crosslinking. fhg

§l§I£@$.!’3§.B3.‘?$.P.X„.Il€‘iÄ.€.*iL.‘L‘i‘?.Ä2}l£‘.€._.t.h._°*_"^.1*§2}J.E2-£Bi§
.¤..¤.x...<=1R}l2L29£‘§äLlElil‘lEl“$£l‘3B}fB‘.L°2'l‘ä.‘i‘lÄ.E.£E.t;E£}!;.ll§
ghgmical pafhggX_fg__ghfhh_ggmBfetely uqhhggg" (10). The

mechani sm is thought t 0 proceed through a hydrogen abs t ract i on



67

by the photoexcited triplet benzophenone moiety and the

subsequent combining of the radicals formed. In fact,

hydrogen—atom abstraction involving the photoexcited triplet

state of benzophenone and an appropriate hydrogen donating

molecule has been the subject of extensive research.

Irradiation of benzophenone with UV light excites the

benzophenone molecule to the excited singletstateor

S2
@T)W’*),

respectively. The intersystem crossing (ISC)

from S1 (n,77*) to the triplet state T1 (n,ZT*) occurs very

efficiently forming the chemically active triplet state T1 (n,

77*) (see Scheme 2.7.2.1 (116,117)). During this excitation

of the carbonyl group, the‘H'bond is broken and the triplet

state T1 of the benzophenone can be considered as a 1,2

diradical. Conjugation of the carbonyl group with the benzene

rings lower the carbonyl‘W¢bond energy and the resulting 1,2-

diradical is resonance—stabilized. The 1,2-diradical formed

in the triplet state of benzophenone has been shown to

abstract hydrogen from hydrogen—donor molecules (RH) such as

hydrocarbons, alcohols, ethers, amines, thiols, sulphides,

phenols, and even from macromolecules and produce a

benzophenone ketyl radical, also called a

diphenylhydroxymethyl radical or semipinacol radical (118-

129) (see Scheme 2.7.2.2) (117). Intermolecular hydrogen—

atom abstraction from polymers involving the photoexcited

triplet state of the aromatic carbonyl group has been known

for some time (11,12). It has also been reported that



68

F?
‘

F?c c
©©+'“”*·© K)

3 F? 3 0 QC ä
...•

ä(C) @ Ü CJ ©C@

Scheme 2.7.2.1. Schematic representation of the formation
triplet state of benzophenone upon UV
irridiation (117).
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Scheme 2.7.2.2. Schematic representation of a hydrogeu
abstraction reaction of the 1,2—diradica1
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(117).
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benzophene is able to crosslink vinyl polymers by a hydrogen

abstraction reaction (13).

Mohanty et al. showed that polymers such as tetramethyl

Bis—A polyaryl ether ketones, with aromatic keto and alkyl

substituted aromatlc groups incorporated into the polymer

backbone, were photocrosslinkable, and an "intermolecular

hydrogen—atom abstraction" mechanism was proposed (14,15,16).

Scheme 2.7.2.3 shows the reaction sequence proposed for this

polymer system.

Recently Scaiano and coworkers studied the mechanisms of

crosslinking of the inherently photosensitive polyimides

containing a benzophenone moiety by using phosphorescence

techniques (18,19,130). The phosphorescence study was

performed on a model compound shown in Figure 2.7.2.2A

(18,19,130). Irradiation of a solution of the model compound

in NMP with the 365nm mercury line was found to lead almost

entirely to the photoreduced benzhydrol system shown in Figure

2.7.2.2C. The formation of the photoreduced system is thought

first to go through the ketyl radical shown in Figure 2.7.2.2B

produced in the photoreduction of the triplet state of A.

Their results indicated that the triplet state of A

behaves like a highly reactive benzophenone and undergoes

photoreduction quite readi ly. The authors wanted to determine

if the phthalimide carbonyl groups were involved in the

photocrosslinking reaction. They thought that species shown

in Figure 2.7.2.2D could be involved which could undergo ring
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bis—A polyarylene ether katone (14,15,16).
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closure to form an alcohol as shown in Figure 2.7.2.212.

However, all their evidence suggested that D and E were not

involved at all, lndicatlng that the excltatlon energy remalns

largely locallzed ln the benzophenone-like moiety.

Scaiano and coworkers concluded that the photosensltive

polylmldes are photosensltlve due to the benzophenone—llke

behavior of their trlplet state. The photocrossllnklng

reactlon results from the reactlon of the intermedlate ketyl

following hydrogen abstraction from the alkyl substltuents and

crossllnking occurs by the combination of radlcals formed.

Another study on the photocrossllnklng mechanism of

benzophenone containing polylmldes was performed by Lin and

coworkers on polymerlc systems rather than model compounds

(17). To lnvestigate the involvement of benzophenone and of

the hydrogen donors ln the cross—linklng of the polyimides

they prepared a series of copolymers using benzophenone

tetracarboxylic dianhydride (B'I'DA), tetraethylmethylene—

dianlline (TEMDA), and 1,3-Bis (amlnopropyl) tetramethyl—

slloxane (BADS). A series of copolymers using different

ratlos of TEMDA to BADS was prepared in order to see how the

amount of hydrogen donor species, in thls case ethyl

substituents, affects the photosensltivlty of the copolymers

formed. As indlcated in Table 2.7.2.2 the less TEMDA

lncorporated into the polymer backbone the more exposure dose

ls required to cause crossllnking (17), lndicatlng that the

photosensitivlty of polymers with the same benzophenone



74

Table 2.7.2.2. Effect of Hydrogen Donor Content on Gel Dose
(17).

gel dose , mJ/cm2

polymer TEMDA:BADS air nitrogen oxygen

II 100:0 26.0 23.2 34.7

III 80:20 34.7 26.0 40.8

IV 50:50 66.5 60.7 75.2

IV 50:50 75.2 72.2 81.0

V 20:80 150 148 159

VI 0:100
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content is proportional to the content of hydrogen donors in

the polymer.

A homopolymer using the dianhydride biphenyl—3,4;3',4'—

tetracarboxylic dianhydride (BPDA) instead of BTDA was made

using TEMDA as the dlamine in order to determine the effects

of the phthalimide carbonyls on the crosslinking mechanlsm.

The homopolymer that did not contain the benzophenone moiety

did not crosslink even after prolonged exposure to UV light

indicating that the phthalimlde carbonyls are not involved in

the crossllnklng reaction. Like the model study by Scaiano

and coworkers, they concluded that the benzophenone molety is

needed in order to cause crosslinking, and crosslinking is

brought about through hydrogen abstraction by the excited

benzophenone moiety and subsequent radical coupllng.

A novel photosensitive copolyimide based on Rubner's

photocrossllnking reaction with methacrylic ester groups

pendent to the polymer backbone was synthesized and

characterized by Lee and coworkers (131). The synthesis of

the photosensitive fully imidized polymer is shown in Scheme

2.7.2.4 (131). The copolyimide was synthesized from

benzophenone tetracarboxylic dlanydride, 3,5—diaminobenzoic

acid, and 2,3,5,6—tetramethyl—p—phenylene diamine. After

complete imidization of the polyamlc acid the monoepoxlde,

methacrylic acid glycidyl ether was added to the polyimide

solution in order to react with the pendent carboxylic acid
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groups in the polyimide to form pendent methacrylic acid ester

groups, responsible for the photocrosslinking. The

copolyimide formed was demonstrated to be photosensitive and

became lnsoluble after UV light exposure. Michler's ketone

was added to the polyimide to act as a photosensitizer ln the

crosslinking reaction.

The major drawback of this type of photosensitive

copolyimide is that the methacrylic ester groups pendent to

the polymer backbone are cleaved and volatized after heating

above three hundred degrees C, causing shrinkage of about 20%

in the formed polyimide pattern (131). Even though the

shrinkage is not as great as in photoreactive polyamic acid

systems (T> 40%), the shrinkage ln the copolyimide is

significant compared to the photosensitive polyimides reported

by Pfeifer and Rohde, which only have a 5% shrlnkage after

being heated above 40o°c (10).

Novel photopositive polylmide systems were also recently

investigated for use ln microelectronlc applications

(132,133,134). J.V. Crivello and coworkers at General

Electric Company syntheslzed all aromatic polyimides having

diarylsulfide llnkages in the main chain which were then

subsequently phenylated with diphenyl iodonium salts to

convert the diarylsulflde groups to triarylsulfonium salts.

The photosensitive polyimides were synthesized according to

the reaction pathway shown in Scheme 2.7.2.5 (132).

Phenylatlon of the two sulfur containing polyimides was
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81

carried out at 125-130°C using diphenyliodonoium

hexafluorophosphates catalyzed by copper salts. The arylated

polymers were soluble in dipolar aprotic solvents such as N-

methylpyrrolidone, and dimethylformamide. The resulting

photosensitive polyimide was shown to undergo main chain

cleavage during photolysis using UV light. This cleavage of

the triarylsulfonium salts is shown in Scheme 2.7.2.6 (132).

The only UV study performed on these polymers was carried out

in a solution of N—methylpyrrolidone using perylene as a

photosensitizer. The molecular weight of the polyimides

decreased during exposure to UV light caused from photolytic

chain cleavage and followed by measuring the reduced viscosity

as a function of exposure time. The authors found that there

was a marked decrease in molecular weight of the polymer early

in the photolysis. The rate of decrease in molecular weight

slowed as the photolysis proceeded. The resulting increase

in solubility which occurs as a result of the decrease in

molecular weight on UV exposure can serve as a mechanism for

photoimaging. These polyimides could be candidates for

positive working, high temperature photoresist materials.

However, only preliminary photoimaging studies were performed.

Khanna and coworkers from Hoechst Celanese Corporation

recently reported new high temperature stable positive

photoresist systems based on hydroxyl polyimide and polyimides

containing the hexafluoroisopropylidene linking groups along

the polymer backbone (133,134). The hydroxy polyimides were
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synthesized by a high temperature solution condensation

method. Table 2.7.2.3 shows the inherent viscosity and glass

transition temperatures of the three hydroxy polyimides formed

(133). The glass transition temperatures ranged from 250 to

aoo°c, and were stable at aso°c in air. The weight loss of

5 percent took place between 450 to 470°C. When these

hydroxyl polyimides were formulated*with a diazonaphthoquinone

sensitizer a positive photoresist, which can be processed

similar to conventional positive photoresists, was formed.

The sensitivity of the polyimide resist was about 100 mJ/cm2

with a contrast in the range of 1.5 to 2.0 (133).

Photosensitive hydroxy polyamides that can be converted to

polybenzoxazoles upon heatlng were also reported in these two

papers. However, they will not be discussed here since they

are not polyimides.
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Table 2 . 7 . 2 . 3 . Structure and Propert iea of Sixef Hydrexy
Polyimide (133) .
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Chapter III

3 · 3 Eaassiwsaxsl

3
-1In order to obtain high molecular weight photoreactive

polyimide homo- and copolymers, it was important to start with

extremely pure monomers and solvents and to maintain anhydrous

conditions throughout the synthetic procedures. Therefore,

monomers and reagents were carefully purified and solvents

were distilled form drying agents using the apparatus shown

in Figure 3.1.1. This apparatus allowed reduced pressure

distillations and refluxing over drying agents prior to

solvent collection. The distilled solvents were collected in

round bottomed flasks and sealed with a rubber septum prior

to use. The dried solvents were stored under nitrogen and

were handled using syringe techniques to minimize moisture

exposure.

3 -1 -1- §21zs21s.;P2s1!1ss1122

3.1.1.2. (NMT: Fisher) was dried for

at least 12 hours by stirring over phosphorus pentoxide.

Phosphorus pentoxide was used in order to remove amine

impurities (135). The solvent was then distilled. under

reduced pressure generated by a mechanical vacuunnpump ( 55°C)

85
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Figure 3.1.1. Apparatus used for the distillation of
solveuts.
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(b.p. 20s°c; at atmospherie pressure).

3.1.1.3 (CHP: GAF) was dried for

at least 12 hours by stirring over crushed calcium hydride.

The solvent was then distilled under reduced pressure

generated by a mechanical vacuum pump (b.p. 290°C).

3.1.1.4. Tgtrghygrgfurag (THF: Fisher) was dried for at

least 12 hours by stirring over crushed calcium hydride. The

solvent was then distilled at atmospheric pressure under a

nitrogen gas purge (b.p. 76°C).

3.1.1.5. Tgluggg (Fisher) was dried for at least 12 hours by

stirring over crushed calcium hydride. The solvent was then

distilled at atmospheric pressure under a nitrogen gas purge

(b.p. 110°C).

3.1.2. @gggggr_Purificatiog

3.1.2.1 3l3;$4j;;§enzophenggg_ Tetracarboxylic Acig

Qighygrigg (BTDA: Allco Company) was obtained as a white

crystalline solid of ultra pure monomer grade. A thermal

treatment served to form anhydride moieties from any remaining

diacid functionalities (136). It was placed in a forced air

convection oven at 150°C for 12 hours prior to use (mp = 224-

226°C, lit. = 225-226.5°C; Allco Company coumunication).
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Qigghygrigg (6FDA: Hoechst Celanese Corp.) was obtained as

an electronic grade material (99 + % purity) and was

essentially of monomer purity. It was placed in a forced air

convection oven at 150°C for 12 hours prior to use in order

to form anhydride moieties from any remaining diacid

functionalities (mp = 245—246°C, lit. = 245—246.5°C; Hoechst

Celanese Corp. Communication).

2 · 1 · 2 ·
2blsbgngegggggg (Bis—P: Air Products Company) was obtained as

a fine white powder (99% pure). Recrystallization from

deoxygenated ethanol was chosen as the method for

purification. Ethanol was deoxygenated by heating it to 35°C

in an erlenmeyer flask and bubbling nitrogen through it for

three hours. Bis-P was added to the deoxygenated ethanol

until the solution became supersaturated. More ethanol was

added until the solution became clear again. The heat was

removed and the solution was cooled to room temperature. To

further induce crystallization the flask was placed in the

freezer for several hours. The white flake-like crystals of

Bis-P were then isolated via filtration, dried in a Vacuum

oven for at least 8 hours at 60°C, and stored in a desiccator

until needed (mp == 165—166°C, lit = 165°C; Air Products

Communication).
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3 - 1 — 3 — 4-
(TMBis-P: Shell Chemical Company) was

obtained as crude gray solid (88% pure). Recrystallization

from anydrous diethyl ether was chosen as the method for

purification. 500 ml of diethyl ether was placed in a 1 liter

Erlenmeyer flask and heated in a water bath to 30°C. TM Bis-

P was added to the diethyl ether until the solution became

supersaturated. More diethyl ether was added until the

solution became clear again. 3 grams of activated charcoal

was added to the warm solution. The dark colored solution

was allowed to stand for 5 minutes and filtered through celite

in order to completely remove the charcoal. The clear tan

colored solution was then placed in a freezer to induce

crystallization. The tan needle-like crystals of TM Bis-P

were isolated via filtration. The recrystallization procedure

was repeated twice more to further purify the ThlBis-P. .After

the third recrystallization, the white needle-like crystals

were isolated via filtration, dried in a vacuum oven for at

least 8 hours at 60°C, and stored in a desiccator until needed

(mp = 154—155°C, lit = 150.5-1540C; Shell Chemical Company

Coxrmunication).

3.1.2.5. 1,4 Phegylene Diamiug (PDA: Aldrich) was obtained

as a white crystalline material (99 + % pure) of monomer grade

purity and was used as received without further purification

(mp = 144—145°C, lit = 143—145°C; Aldrich Catalog).
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3.1.2.6. (TMPDA:

Pfaltz and Bauer) was obtained as a tan crystalllne solid (97%

pure). Recrystallization from anhydrous diethyl ether was

chosen as the method of purlfication. 500 ml of anhydrous

diethyl ether was placed in a 1 liter Erlenmeyer flask and

heated in a water bath to 30°C. TMPDA was added to the

dlethyl ether until a supersaturated solution was obtalned.

More diethyl ether was added to the solution until it became

clear again. 3 grams of activated charcoal was added to the

warm solution. The black colored solution was allowed to

stand for 5 minutes and then it was filtered through cellte

in order to completely remove the charcoal. The filtered

solution was placed in a freezer for more than three hours to

induce crystallization. The tan needle-like crystals ofTHWPDA

were isolated via filtration„ The recrystallization procedure

was repeated twice more to further purify the TMPDA. After

the third recrystallization, the light tan needle-like

crystals were lsolated via filtration, dried in a vacuum oven

for at least 8 hours at 60°C, and stored in a desiccator until

needed (mp = 150-151°C, llt = 149—150°C; Pfaltz and Bauer

Catalog).

3.1.2.7. Blg(§;gm1nopropyl) tgtramgthyl_ disiloxane (DSX:

Petrarch Systems Inc.) was obtained in monomer grade purity

and was used without further purificatlon (bp = 132°C, lit.

= 132°C; Petrarch Systems Inc. Communication).
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3.1.2.8. (D4: Union Carbide or

Petrarch System Inc.) was obtained as a clear colorless liquid

of high purity and was used without further purification (bp

= 174°C, lit = 175—176°C; Petrarch Systems Inc.

Communication).

3.1.2.9. m;Amigophen0l (Aldrich) was obtained as a fine white

powder (98% pure). Sublimation was chosen as the method of

purification. The meta—aminophen01 was placed in the bottom

of the sublimator and the cold finger was filled with a dry

ice and acetone mixture. A mechanical vacuum pump was used

to insure that an adequate vacuum was obtained. The

sublimator was heated by an oil bath to 110°C. After the

white crystals formed on the cold finger, the crystals were

collected into a jar and placed in the desiccator until needed

(mp. 125—126°C, lit. = 124—126°C; Aldrich Catalog).

3.1.2.10. I§gphthgIgyI_QichlorIdg (Aldrich) was obtained as

a fine white powder (98% pure). Sublimation was chosen at the

method of purification. The isophthaloyl dichloride was

placed in the bottom of the sublimator and the cold finger

was filled with a dry ice and acetone mixture. A mechanical

vacuum pump was used to ensure an adequate vacuum was

obtained. The sublimator was heated to 35°C in a water bath.

After white crystals formed on the cold finger, they were

collected in a bottle, sealed with Teflon tape and placed in
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a dessicator until needed (mp = 43—44°C, lit. = 43—44°C;

Aldrich Catalog).

3 -3
.;;.3siisgesxs

3 -3 - 1- 1
-

3 —

Bis(4-fluorobenzoyl) benzene was synthesized by a Friedel-

Crafts acylation of fluorobenzene with isophthaloyl chloride

using anhydrous aluminum chloride as the Lewis acid. The

reaction was run at 80°C for five hours in 100% excess

fluorobenzene. The crude product was recrystallized from

toluene, isolated via filtration, and dried in the vacuum oven

at so°c for 48 hours. The white flake-like crystals were

stored in a desiccator until needed (mp = 179—180°C, lit. =

177.5-178.5°C (137)). Anal. Calcd for C20H12O2F2: C,74.53;

H, 3.75. Found: C,74.63; H,3.75.

3.2.2. §ygthgg1g_of 1,3-Big_(3;émingphenoxy-4';

Qgnzoyl) benzene.

1,3-Bis (4-fluorobenzoyl) benzene (50.0000g, 0.1551

moles) 3—aminophenol (35.5508g, 0.3258 moles), anhydrous

potassium carbonate (51.4556g, 0.3723 moles), DMAc (270 ml),

and toluene (130 ml) were placed in a 500 ml four-necked round

bottom flask equipped with a Dean-Stark trap, condenser with

drying tube , ni t rogen gas inl et , thermometer and a mechani cal
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stirrer (see Figure 3.2.2.1). The reaction solution was

heated to 130°C using an oil bath and the reaction mixture was

stirred for 19 hours at 130°C under a nitrogen gas purge.

Water was removed by azeotropic distillation with toluene.

After 19 hours at 130°C, the temperature was increased to

145°C for 5 hours to insure that the reaction was complete.

The reaction solution was allowed to cool to room temperature

and subsequently added to hot deoxygenated water to

precipitate a solid which was isolated by filtration, and

dried in a vacuum oven at 80°C for 8 hours. The crude product

was further purified by two recrystallizations from toluene.

The purified product was isolated via filtration and dried at

80°C for two days in a vacuum oven. The pale yellow solid was

obtained in 66% yleld after the two recrystallizations and

stored in a desiccator until needed (mp = 140—142°C, lit. =

142-144°C (138)). Anal. Calcd for C32H24O4N2: C,76.79; H,

4.83; N,5.60. Found: C,76.66; H,4.85; N,5.52.

3.2.3. Aminopropyl-Terminated Polygimethylsilogagg

QL!„s2¤1.¤ss.2·
The siloxane oligomer was synthesized in bulk via an

anionic ring opening equilibratlon reaction involving

aminopropyl dislloxane and the cyclic tetramer commonly known

as D4 (139). The polymerization was carried out in a 500ml

three-necked round bottom flask equipped with a nitrogen gas

inlet thermometer, condenser, drying tube and mechanical
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stlrrer. In order to synthesize a 2,500 g/mole aminopropyl

terminated polydimethylsiloxane ollgomer, 30.0000g (0.1207

moles) of bis (3-aminopropyl) disiloxane along with 271.8109g

(0.9164 moles) of D4 were placed into the round bottom flask.

The flask was heated to 80°C by an oil bath and 3.0181g (1.0

wt%) of tetramethylammonlum slloxanolate was added to the

stirring solution.

The reaction was allowed to proceed for 48 hours at 80°C

under a dry nitrogen gas purge to insure that the

equilibratlon was achleved. After the 48 hours, the reaction

temperature was ralsed to 150°C for 3 hours to decompose and

volatilize the catalyst. The solution was then cooled to room

temperature and transferred to a vacuum distillation apparatus

and the cyclics formed were removed via vacuum stripplng. The

final molecular weight of the aminopropyl-termlnated siloxane

oligomer was determined by potentiometric titration of the

amine end groups with 0.1 N alcoholic HC1 and was found to be

2465 g/mole. The siloxane oligomer was placed in a glass jar

and stored in a deslccator until needed.

3 -3- §.x2£3;s212.2£.3=..s3.h„..“‘°.1E£‘£9.£.!9.}.EP.£.R2lZ.{£‘ilE.‘E.E.°‘“..._°“°°d
gopolygggg.

High molecular weight photoreactive polyimide homo- and

copolymers and slloxane modified polyimide segmented

copolymers were syntheslzed by the classical two—step method.

The first step was the synthesis of soluble poly(amic acid)
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precursors by the reactlon of aromatlc diamines with aromatic

dianhydrldes in a dlpolar aprotlc solvent. The prepolymers

were then cyclodehydrated by two different thermal methods to

form the polyimides.

The poly(amlc acids) were syntheslzed in a 250ml three

necked round bottom flask equipped with a nitrogen gas lnlet,

thermometer, drylng tube, overhead stlrrer and ln the case of

poly(amlc acid slloxanes) an addition funnel was used as shown

ln Figure 3.3.1. The apparatus was flamed just prior to use

vla a Bunsen burner while under a nitrogen gas purge ln order

to remove any resldual molsture from the glassware. Five

representatlve synthetlc procedures will be outllned to

synthesize varlous poly(amlc aclds). One general synthetlc

procedure for poly(amlc acid) homopolymers, another procedure

for copolymers wlth varylng ratlos of different aromatic

dlamlnes, another for copolymers wlth varylng ratlos of

different aromatlc dlanhydrldes, still another modified

procedure for syntheslzlng homo- and copolymers with the Bis-

P dlamlne, and finally a synthetlc procedure for poly(amlc

acid siloxane) segmented copolymers will be dlscussed.

3.3.1. §lgh_@glggular Welght Poly(amic_ggld) Homgpglymggg

A typlcal high molecular weight poly(amlc acid)

homopolymer ls syntheslzed by a solution condensatlon reactlon

with aromatlc dlamlnes and dlanhydrldes at room temperature

ln the dlpolar aprotlc solvent N-methyl pyrrolldone. The
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following is a representative po1y(amic acid) homopolymer

polymerization procedure. 8.6654g of TMPDA (0.05276 moles)

was dlssolved in 75 nd of distilled NMP irx a 250ml round

bottom flask equipped as shown in Figure 3.3.1 (without the

addition funnel). After the TMPDA was completely dlssolved,

17.0000g of BTDA (0.05276 moles) was slowly added via a glass

funnel to the stirring diamine solution and the funnel was

rinsed with 25ml of bw?. After the BTDA was added, the

reaction solution turned a dark red color and an exotherm of

approximately 10°C was observed. The deep red solution turned

to a golden yellow solution and the exotherm subsided after

approximately 20 minutes. The reaction was allowed to

continue for at least 8 hours under a nitrogen gas purge at

room temperature to insure that high molecular weight

poly(amic acid) was obtained. The viscosity of the solution

rose steadily as the poly(amic acid) reaction proceeded. The

clear golden colored high molecular weight poly(amlc acid)

obtained was immediately cyclodehydrated to form the

polyimide.

3.3.2. Weight Poly(amic acid) Cgpglymggg

High molecular weight poly(amic acid) copolymers were

syntheslzed by a similar solution condensation reaction by

either varying the ratio of the moles of two different

aromatic diamines or the ratio of the moles of two different

aromatic dianhydrides. The following are representative
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synthetic procedures for both types of copolymer synthesis.

3.3.2.1. _l:gi_yta_m_t_q acid) c_g_pio__@;1;_s by varyiag the mt>ig__ta_tia

a_t’__ai·omatic digiaaa

6.1168g of TMPDA (0.03724 moles) was dissolved in 40ml

of dried NMP in a 250ml three necked round bottom flask

equipped as shown in Figure 3.3.1 (without the addition

funnel). Next, 4.9729g of TM Bis—P (0.01241 moles) was added

to the stirring solution via glass funnel and rinsed with 40ml

of NMP in order to ensure all the diamine was washed into the

flask. After both the diamines were completely dissolved,

16.0000g of BTDA (0.04965) was added to the stirrlng solution

and washed with 30ml more of NMP. The reaction solution

immediately turned a dark red color after the addition of

dianhydride, and an exotherm of approximately 10°C was

observed. After 20 minutes of reaction time the solution

turned from dark red to golden yellow color and the exotherm

subsided. The reaction was allowed to proceed for 8 more

hours at room temperature under a dry nitrogen gas purge. The

clear golden colored poly(amic acid) copolymer obtained was

immediately cyclodehydrided to form the polyimide.

3.3.2.2. Qgiyt___aa1i_q__a_g_id) Copoiivggabylagylng the mole aatia

Copolymers made by varylng the mole ratio of dianhydrides

were made by a reverse monomer addition procedure. Rather
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than first dissolving the diamine and then adding the

dianhydride, the two dianhydrides were dissolved first and the

diamine was added to the stirring solution. This was done to

insure that more random copolymers were formed.

5.0000g of BTDA (0.01552 moles) was dissolved in 30ml of

distilled NMP in a 250ml round bottom flask equipped as shown

in Figure 3.3.1 (without the addition funnel). 6.8932g of

6FDA (0.01552 moles) was added to the stirring solution via

a glass funnel and the funnel was rinsed with 30ml of NMP in

order to wash all the dianhydride into the reaction flask.

After the dianhydrides were completely dissolved, 5.0972g of

TMPDA (0.03106 moles) was added to the stirring solution

through the glass funnel and washed into the flask with 30ml

more of NMP. The reaction solution turned a dark red color

and an exotherm of 10°C was observed. After approximately 20

minutes the reaction solution turned a golden yellow color and

the reaction temperature returned to room temperature. The

poly(amic acid) solution was allowed to react for 8 more hours

under a dry nitrogen purge to insure that high molecular

weight was obtained. The viscosity of the solution increased

as the reaction proceeded. The golden yellow poly(amic acid)

solution was then imidized to form the high molecular weight

polyimide.

3.3.3. §1gh_Temperature poly(agig_gglgl_synthesi§

Poly(amic acid) homo- and copolymers made with the Bis-
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P diamine had to be synthesized by a modified high temperature

poly(amic acid) solution condensation procedure due to the

insolubility of the Bis—P diamine in NMP at room temperature.

Therefore, the NMP solution had to be heated above 60°C in

order for the diamlne to completely dissolve and allow a

homogeneous solution to be formed.

1.6038g of Bis—P (0.004656 moles) was dissolved in 25ml

of NMP at 65°C in a 250ml three-necked round bottom flask

equipped as shown in Figure 3.3.1 (without the addition

funnel). The round bottom flask was heated to 65°C by an oil

bath. After the Bis—P completely dissolved, 5.5951g of TMBis—

P (0.01397 moles) was added to the stirring solution and

rinsed with 25ml of NMP. Next, 6.0000g of BTDA was added to

the stirring diamine solution and 25ml of NMP was used to

rinse the residual BTDA into the reaction flask. A dark red

solution was formed during the addition, of ZBTDA. After

approximately 5 minutes of reaction time, the BTDA completely

dissolved and the reaction solution turned a golden yellow

color. The heat was then removed from the reaction flask and

since ollgomers had already formed the solution remained clear

and homogeneous when the temperature of the solution reached

room temperature. The reaction was allowed to proceed for 8

more hours at room temperature under a dry nitrogen gas purge

in order to insure that high molecular weight poly(amic acid)

was obtained. The p0ly(amic acid) was then cyclodehydrated

to form the polyimide.
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3 · 3 ·
4Due to the nüsmatch in solubillties of the aromatlc

monomers and aminopropyl termlnated polydimethyl siloxane

oligomers it was necessary to use a cosolvent system of NMP

and THF in order to synthesize high molecular weight poly(amic

acid siloxane) copolymers. The siloxane oligomers were

soluble in THF but were not soluble ln the dipolar aprotic

solvents. On the other hand, the aromatic monomers and

poly(amic acid siloxane) copolymers formed were not totally

soluble in THF. Therefore, to obtain a homogeneous clear

reaction solution both NMP and THF were employed at various

volume percentages (140,141). The order of monomer addition

was also found to be an important parameter in achleving

homogeneous solutions and random segmented copolymers by

Summers et al. (140,141). He found that by dissolving the

dlanhydride in a NMP/THF cosolvent system and adding dropwise

a THF solution of the siloxane oligomer to the rapidly

stirring dianhydride solution an anhydride capped siloxane

oligomer could be obtained. Addition of a second aromatic

diamine would react with the capped siloxane oligomer formlng

a more homogeneous solution. Even high weight percents of

siloxane ollgomers and high molecular weight siloxane

oligomers could be incorporated into the polymer backbone

using this "capping procedure" (140,141). Therefore, a

similar procedure was used for all siloxane modified

photoreactive polyimlde copolymers. A representative
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procedure will be discussed here.

8.0000g of BTDA (0.02483 moles) was dissolved in 40ml of

NMP and 60ml of THF in a 500ml round bottom flask equipped as

shown in Figure 3.3.1. 3.0788g of aminopropyl polydimethyl

siloxane oligomer (0.001249 moles) with a number average

molecular weight 2,465g/mole was dissolved in 20ml of THF and

placed in an addition funnel. The siloxane oligomer was added

dropwise to the rapidly stirring·BTDA solution. After all the

siloxane oligomer was added, 25ml of THF was placed in the

addition funnel and added dropwise to the solution in order

to rinse out any residual siloxane oligomer into the reaction

flask.

The solution was allowed to react further for 10 minutes

before addition of the second aromatic diamlne. 9.4455g of

TMBis—P (0.02358 moles) was added to the stirring solution

via a glass funnel and 30ml of NM? was added to rinse the

TMBis-P into the reaction flask. After the addition of TMBis—

P, the solution turned a dark orange color and an exotherm of

5°C was observed. The reaction solution turned from dark

orange to a golden yellow solution in approximately 10

minutes. The solution was slightly cloudy due to incomplete

solvation of the siloxane oligomer. Therefore, 25ml of THF

was added to the flask and a clear solution was obtained. The

reaction was allowed to proceed for 18 hours at room

temperature in a nitrogen gas purge. The golden colored
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poly(amic acid slloxane) solution was then cyclodehydrated to

form the polyimide slloxane copolymer.

3.3.5. lgigigation of_pgly$aglg acid) prepolygerg

3.3.5.1 Bulk thermal imidizatigg

A common procedure for cyclodehydrating a poly(amic acid)

to the polyimide form is via thermal bulk imidization. This

procedure is limited to polylmide fihns or coatlngs and

typically renders an insoluble product.

The preformed poly(amic acid) solution was poured onto

a clean dry glass plate and a "doctor blade" was used to draw

down a uniformly thlck film ranging in thickness from 5-25

mils. The glass plate was then placed in a level vacuum oven

or forced air convectlon oven at 80°C for one hour to remove

most of the solvent. The temperature was increased to 100°C

for one hour, then raised to 200°C for another hour, and

finally ralsed to s0o°c for one hour. After the cure cycle,

the oven was turned off and the film was allowed to cool

slowly to room temperature. The cured film was removed from

the glass plate using a razor blade to pry up a small section

of the film. Typically, the film would release itself from

the glass plate within a few minutes. Films that would not

come off the plate by themselves were placed in a water bath

in order to float the films off the plate. Films that were

in contact with water were placed back into the oven at 150°C
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for two hours. An identical cure cycle was used for all

poly(amic acids) imidized in bulk.

3 · 3 · 3 · 3 · äaiaxisagaiéiaalisa
This method of imidization was commonly used for

cyclodehydrating poly(amic acid) prepolymers and was found to

be highly versatile for obtaining soluble fully

cyclodehydrated polyimide homo- and copolymers (140-143).

Some polyimides obtained were not soluble due to their

chemical composition and rigid polymer backbone structure and

would prematurely precipitate out of solution. However, a

majority of the photoimageable polyimides described herein

were found to be soluble and processable when imidized by this

method.

A cosolvent solution of NMP and cyclohexyl pyrrolidinone

(CHP) was used in the solution imidization procedure. The

ratio of NMP to CHP was approximately 80/20 volume percent.

The CHP acts as an "azeotroping so1vent" and effectively

removes the water of imldization from the reaction solution

and drives the reaction to completion without hydrolyzing the

poly(amic acid). Since the polymer was solvated by the

dipolar aprotic solvents during imidization, a soluble high

molecular weight polyimide was formed. The solution

imidizations were generally run at 10 to 20 percent solids

content. A representative detailed procedure will be outlined

for a solution imidization of a poly(amic acid siloxane) with
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15 weight percent siloxane (molecular weight of 2,4653/mole)

content. The poly(amic acid siloxane), 20g total, was present

in its reaction solution of 70ml of NM? and 130ml of THF.

A four necked 500ml round bottom flask equipped with a

nitrogen gas inlet, thermometer, Dean-Stark trap, condenser,

drying tube, and mechanical stirrer was set up as shown in

Figure 3.3.5.2.1. 30ml of NMP and 25ml of CHP were added to

the round bottom flask and heated to 165°C via a hot oil bath.

The poly(amic acid siloxane) solution was slowly poured into

the flask via a glass funnel while the heated NMP/CHP solvents

were stirring. The THF boiled off rapidly and was carried

over and collected by the Dean—Stark trap by a nitrogen gas

purge. After approximately 15 minutes, all 130ml of THF was

collected. The solution imidization was allowed to proceed

for 18 hours at 165°C under a nitrogen gas purge. The water

of imidization and small amounts of NM? were collected in the

Dean—Stark trap during the imidization procedure. 35ml of NMP

was added to the stirring solution, and the solution was

allowed to cool to room temperature by removing the hot oil

bath. The dark brown vlscous poly(imide siloxane) solution

was transferred to a 500ml separatory funnel and precipitated

dropwise into a rapidly stirring solution of methanol and

water, 75% of the solution was methanol. The solid poly(imide

siloxane) was isolated by vacuum filtration, and placed in a

vacuum oven at 100°C for 24 hours. A second preclpitation was

done by redissolving the polylmide in either NM? or methylene
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chloride and repreclpitated and isolated as described above.

The final dried poly(imide siloxane) was placed in a dark

brown glass jar to ensure that UV light would not crosslink

the polymer during storage.

3 - 4- Q&szss.12.¤:!..=2..¤1£1¤..¤=.....2¤4 2122-a2z2.s2é-¤22¤12@sz2

3.4.1. T_[_t£gt_l_gx_'g__g_f__amlnoprgpy1 termin_a__t__e_d_siloxane

gligomers

Potentiometric tltrations of the amine functional

slloxane cllgomers were carrled out using a Fisher Scientific

Titrimeter II operated in the automatic endpoint seekingrnode.

A standard calomel electrode and reference electrode were used

in the tltrations and were stored in buffered solutions when

not in use.

The aminopropyl polydimethylsiloxane oligomers were

dissolved in isopropanol in a 100ml beaker and stirred until

completely solvated. The electrodes were inserted into the

solution and the titration was started by computer control.

The aminopropyl endgroups were titrated with 0.1N alcohollc

HC1. The computer controlled titrator both detected and

recorded the endpoint by measuring the change in potential

upon addition of the titrant. .A reference titration was

performed on just the blank isopropanol by titrating the exact

volume used with the sample until the potential endpoint was

reached. The reference was then subtracted from the endpoint
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value of the sample and the number average molecular weight

of the slloxane oligomer was calculated by the computer using

the formula:

Mn = (wt) (N) / (C) (V)

where (wt) is the weight of aminopropyl terminated siloxane

oligomer in the sample, (N) is the number of endgroups per

molecule (in this case 2), (C) is the concentration of the

titrant (0.1N HC1) and (V) is the corrected volume of the

titrant used.

3.4.2. lntrinsic_Y1§ggsitigs

Intrinsic viscosities were determined for a various

polyimide homo- and copolymers in order to determine relative

molecular welghts. Cannon—Ubbelohde dilution viscometers with

various capillary sizes were used to collect data to determine

intrinsic viscosities. Typically samples were dissolved in

NMP and run at 25°C in a temperature controlled water bath.

The intrinsic viscosity values were obtalned by using four

different polymer concentrations and the results were linearly

extrapolated to the zero concentration.

3.4.3. Fourier Transfgrm lnfra£gg_§pectroscopy_(FTIRl

FTIR was used to both monitor the imidization process

during solution imidization and to obtain IR spectra of the

final polymers and monomers using a Nicolet MK-1

spectophotometer. Polymer samples were analyzed by casting
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thin films on salt plates and low molecular weight monomers

were run as KBr pellets. The spectra were stored on magnetic

disk for later reference. Progress of the solution

imidization was monitored by the appearance of spectral imlde

bands at 1778 cm"1 and 725 cm'1 and the disappearance of the

amide bond spectral band at 1546 cm'1.

3.4.4.Proton NMR was used to obtain chemical composition

information of both polymers and monomers synthesized.

Samples were run in deuterated solvents such as deuterated

chloroform and DMSO at concentrations ranglng from 5 to 15%

and at ambient temperatures using either an Bruker 270 MRz

WP270SY instrument or the Bruker 200 MR2 WP200SY instrument.

3.4.5. Qltggviglet and_Vlglblg_Spectrophotometry (UV-Vis)

UV—Vis spectra were obtained on thin polymer films spun

cast on quartz wafers using an IBM 9430 UV—Visible

spectrophotometer. The thin polyimide films were cast from

approximately ten percent solid solutions of polyimide in NMP

by using a spin coater at speeds in the range of 2,000 to

6,000 rpms. The quartz wafers were placed on a hot plate at

125°C for 15 minutes to drive off resldual solvent. The UV

spectra were generally recorded from 200nm to 400nm. Optical

densities of the various polyimide films were then calculated

by dividing the absorbance of the polyimide film at a certain
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wavelength by the film thickness as determined by a

profilometer.

3.4.6. Q£glllometer_lllg thicknesg_ggggu£gmggl

A Dektak II profilometer was used to measure the film

thickness of solution spin-coated polyimide films. The

diamond tipped stylus was placed in contact with the surface

of the film and the bare quartz wafer and subjected to a shear

stress. The displacement of the stylus from the film to the

bare quartz surface was recorded by computer and the thickness

of the film was determined. Film thickness could be measured

with a prescission of i 10nm.

3.4.7. Differenllgl_§ggnglng Calorimetly (DSC)

DSC was used to determine the glass transition

temperatures of the polyimide homo- and copolymers with either

a Perkin Elmer Model DSC—II or the DuPont Instruments 912 DSC.

DSC scans were run under a nitrogen atmosphere at 10°Clmin

with a sensitivity of 10 mcal/sec. The samples were scanned

at least two times to accurately determine Tg values. The

values reported were obtained from the second heating cycle

after heating once and rapid cooling. The transition

temperatures were taken as the midpoint of the endotherm.

3.4.8. Qyggggg Mechanical Thermal Analyglg (MTA)

Glass transition temperatures of certain polyimide films
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were also determined using zu Polymer Laboratories Dynamic

Mechanical Thermal Analyzer (DMTA). Films with thicknesses

ranging from 3 to 10 mils were used in the measurements. A

heating rate of 5°C/min and a frequency of 1Hz were used

during analysis. Both the storage modulus and tan delta

curves were obtained for all samples run. The glass

transition temperature was taken as the peak of the tan delta

damplng curve.

3 -4 ·
3-TGA was performed on either a Perkln Elmer TMS-2

instrument or a DuPont Instruments 951 Thermogravimetric

Analyzer in order to determine relative thermal stabilities

of the homo- and copolymer samples. Thin films of the

polymers were placed in a platinum pan which was connected to

an electronic microbalance. Scans were run at a heating rate

of 10°C/min in either an air or nitrogen atmosphere and the

weight loss was measured as a function of time or temperature.

Dynamic temperature scans were examined in the range of 25°C

to 800°C. Isothermal scans were also run at sso°c for four

hours in air and nitrogen atmospheres.

3.4.10 X;§gy_Phgtgelectron_§pg£trgscgpy (XPS)

XPS surface analysis was performed on a Perkin Elmer PHI

5300 ESCA spectrometer using I1 Mg electrode as the X—ray

source operated at 15kV. Spectra were obtained at two
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different take-off angles of 15 degrees and 90 degrees. The

15° take-off angle was used to determine the surface atomic

concentration of the elements in the polymer films relative

to farther into the bulk of the films as determined by the 90°

take-off angle. Thin films of siloxane modified polyimide

copolymers were analyzed by securing free standing films

directly to the sample holder using double stick tape. The

binding energy of each photopeak was referenced to C ls at

285eV. For data evaluation the Perkin—E1mer 7500 computer

(PHI software version 1.8) was used to obtain atomic

concentration values. Only one sample was analyzed for each

polyimide system studied. No notlceable degradation of the

polymer was observed after XPS analysis.

3.4.11. Phgtgggggitjglty;agg_Contrast

Photosensitives of the various polyimide homo- and

copolymers were determined by analyzing photosensltlve

response plots for each individual polymer system.

Photosensltive response plots are typlcally used in

determining the photosensitive properties of photoresists and

are a plot of the film thickness remaining after exposure to

UV light and development as a function of the exposure dose

given to the polymer film. A typical photosensitive response

plot for a negative photoresist is shown in Figure 3.4.11.1.

The useful information obtalned from such a plot is the gel

dose (Dg), Di, and the contrast. The gel dose is defined as
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the dose at which the polymer begins the crosslink and become

insoluble. The Di is the dose required to make a film of a

given thickness totally insoluble. The contrast (K) is

defined by the following relationship:

X= [log (Di)/(Dg)]-1

and is the exposure range over which the photoresist will

respond. The resolution in patterning of a photoresist is

related to the contrast, and it is desirable to have a high

contrast value photoresist system in order to minimize resist

response to low level radlation from diffraction effects.

Photosensitivities of photoreactive polyimides were

determined by exposing thin films with a 1,000 watt high

pressure Hg-Xe arc lamp using an Optical Associates Inc.,

Hybralign Series 400 mask alignment and exposure system. The

polyimide homo- and copolymers were spin coated onto quartz

from 10-15% solid NMP solutions. The wafers were then baked

for 10 minutes on a hot plate at 125°C to drive off solvent.

The thin polyimide films were exposed in air through the

underside of the quartz wafer using narrow band gap filters

of the desired wavelength (313nm or 365nm). The exposure

intensity of the UV light through the narrow band gap filters

was determined by use of a Research Radiometer model IL 1700

using of ILSED 400 ‘Vacuum Photodiode with diffuser that

measures the wavelength in the range of 200 to 600nm. The

exposure doses could be measured to within j .1 mJ/cmz. After

exposure the thin films were developed in a NMP solution and
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washed with methanol. Instead of casting numerous films to

make a photoresponse plot the quartz wafer was divided into

16 sections as shown in Figure 3.4.11.2. Each of the

rectangles was given different exposure doses, so when they

were developed in NMP and washed with methanol each rectangle

had a different film thickness remaining as illustrated by

Figure 3.4.11.2. The quartz wafers were dried at 125°C for

at least 5 minutes on a hot plate after development. The film

thicknesses were measured using a Dektak II profilometer with

a prescission of i 10nm and a plot of the film thickness

remaining after development was plotted as a function of the

exposure dose given the individual films. The Dg and Di were

then determined from this plot. Each point or value on the

photoresponse plot is determined by one measurement. The

normalized film thickness was plotted as a function of the log

of the exposure dose and the slope of the line was the

determined contrast of the polyimide system.
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a) Quartz Wafer Divided into 16 sections. Polyimide
Spin Coated onto the opposite Side.

»b)

After Wafer was Exposed and Developed, Different Film

Thicknesses Remain.

Figure 3.4.11.2. Quartz wafer used im sensitivity studies
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The research that is discussed in this chapter can be

best presented by dividing the chapter into four major

sections. The first section will be concerned with the

synthesis of photoreactive polyimide homo- and copolymers.

The second will discuss the effect of umthyl substituent

concentration on the photosensitive properties of these

polymers. The third section will focus on the influence of

aromatic ketone concentration on the photosensitive properties

of the photoreactlve polyimides. The final section will be

concerned with the synthesls and characterization of

photocrosslinkable poly(imide siloxane) copolymers.

4.2 äygthggis of‘photoreactive pglyymigg_homo— and copglymgrs

The photosensitive polyimide homo- and copolymers were

synthesized by the classical two-step polymerlzation_procedure

(50,51). The first step was the generation of soluble

poly(amic acid) prepolymers by reactlng aromatic diamines with

aromatic dianhydrldes in the dipolar aprotic solvent NMP. The

second step was to imidize the poly(amic acid) prepolymers by

either a conventional bulk thermal cure or by the solution

imidization procedure to cyclodehydrate the po1y(amic acid).

Both produce polyimides via evolution of water (see scheme

2.5.1.2). The aromatlc diamines and dlanhydrides and amino-

propyl terminated siloxane ollgomers used during the course
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of this research are listed in Table 4.2.1.

In order to obtaln high molecular weight poIy(amic acid)

prepolymers the reaction conditions had to be strictly

controlled. Extremely pure monomers (greater than 99 percent

purity) were used and the moisture was excluded from the

reaction. Therefore, monomers and solvents were carefully

purlfied and dried just prior to use. To ensure that

anhydrous conditions were maintained during the entire

reaction, solvents were handled with syringe techniques and

the reactlon apparatus used was flamed under a nltrogen gas

purge immediately prior to use. Another important

conslderation was the order of monomer addition to the

reaction flask. It has been previously reported that the

highest molecular weight poly(amic acids) are obtained by the

addition of the aromatic dianhydride to the stirrlng dlamine

solution (55). This method of monomer addition is thought to

minimize the possibility of anhydrlde hydrolysls which would

upset the 1:1 stoichiometry of the reaction. In order to

obtain photoreactlve polyimides with high sensltivity a 1:1

stoichlometry of the dlamine to dianhydride was used to

syntheslze high molecular weight prepolymers.

A sllghtly modified procedure had to be employed for

synthesizing homo- and copolymers where the Bis-P diamine was

used as outllned in Scheme 4.2.1. Since Bis—P ls not soluble

in NMP at room temperature the reaction solution had to be

heated to above 60°C in order for it to completely dissolve.



120

Tabl 6 4 . 2 . 1

Monomers Employed in Homo- and Copolymerization Studies
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Scheme 4.2.1

Synthetic Process Used for Polyimide Homo- and Copolymers
where the Bis-P Diamine was Employed
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The solid dlanhydride was added to the stirrlng solution at

this elevated temperature. After the dianhydride completely

dlssolved the heat was removed from the reaction flask and the

reactlon solution was allowed to cool to room temperature.

Since oligomers had already been formed, the reaction solution

remained homogeneous even when it reached room temperature.

The poly(amic acid) was allowed to react for 8 more hours at

room temperature in order to ensure that high molecular weight

polymers were obtalned.

The poly(amic acid) prepolymers were converted to the

correspondlng polyimides by either the conventlonal high

temperature bulk imidlzation of solution cast poly(amic acid)

films (53,54) or by the solution imidlzation technique which

uses moderate temperatures and a cosolvent system of NMP and

an "azeotroping" solvent such as CHP (140-143).

Bulk lmidization was used to compare polylmides obtained

from this method to polyimides obtained by the solution

imidization procedure. In the former case, poly(amic acid)

solutions were cast onto clean dry glass plates and spread

into uniform thickness films by use of a "doctor blade.” Heat

was applied in a stepwise fashion as typically reported in

other literature procedures describing this widely used„method

of imidization. Firstly, the glass plates with the solution

cast films were placed in the oven at a low temperature (80°C)

to remove most of the solvent. They were then heated to

higher temperatures in a step—wise fashion to induce
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imidization. The temperature was finally raised to 300°C in

an attempt to provide adequate chaln mobility which is

necessary for quantitative imidization. After the imidization

procedure, the films were allowed slowly cool to room

temperature and were removed by the use of a razor blade to

gently peel them off the plate.

The solubilities of the bulk imidized films were

determined by placing a piece of a film in 10 ml of the

appropriate solvent. All the films were insoluble in all the

solvents tried! Even the dipolar aprotic solvents could not

dissolve the films after heating to 100°C and stirring over

night. This observatlon is quite common for polyimides that

have been imidized by the bulk "cure" procedure (78).

Typically insoluble films are obtained from this method.

Therefore, this method could not be used to obtain solvent

soluble fully lmidized photoreactive polyimide homo- and

copolymers.

Poly(amic acid) homo- and copolymers were also

quantitatively imidized at moderate temperatures using a

coamide solvent solution consisting of N-methylpyrrolidone and

N-cyclohexylpyrrolidone. This method of imldization was found

to yield solvent soluble polyimide homo- and copolymers in our

laboratory by Summers et al. (140-143). Other scattered

reports have shown that imidization could be achieved in

solution without loss in molecular weight if the polyimide

remalned completely soluble during the entire process (78).
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It is also important that the water evolved during imidization

was effectively removed from the reaction solution before it

could hydrolize the poly(amic acid) (78). In the cosolvent

system NMP and CHP, the NMP was used to completely solvate the

polymer during imidization and the CHP was used to effectively

remove the water of imidization from the system in order to

both prevent hydrolytic degradation of the poly(amic acid) and

to also drive the reaction to completion.

Like NMP, CHP is a cyclic dipolar aprotic amide solvent

and is commercially available from GAF. The difference in

structure between the NMP and CHP is that CHP has a cyclohexyl

ring, rather than a methyl group as in NMP, attached to the

amide nitrogen. CHP has a higher boiling point than NMP of

290°C at atmospheric pressure and is a liquid at room

temperature. Summers found that since CHP is immiscible with

water at elevated temperatures it made an excellent

azeotroping solvent for solution imidization when coupled with

NMP (140-143). However, when used alone to imidize poly(amic

acids) CHP was often found to solvate inadequately partlally

imidized polar polyimides and premature precipitation of the

polymer would occur during the imidlzation procedure (140-

143). Johnson earlier demonstrated that the synthesis of high

molecular weight polysulfones was also found to be successful

using the NMP/CHP cosolvent azeotroplng system instead of the

conventional NMP/toluene cosolvent system (144).
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The NM?/CHP cosolvent mixture was used to solution

imidize all photosensitive poly(amic acid) systems with a

NM?/CHP cosolvent ratio of 80 volume percent NMP to 20 volume

percent CHP. The cosolvent system was heated to 165°C before

the poly(amic acid) solution was added in order to remove the

water of imidization more efficiently, since water removal

does not take place until elevated temperatures are reached.

The progress of the reaction was monitored by use of

FTIR. Small quantities of samples were removed during the

course of the solution imidization and thin films were cast

on salt plates and placed in the vacuum oven at 70°C for one

hour. By placing the salt plates in the vacuum oven at 70°C

the solvent was removed without causing significant amounts

of further imidization to occur. The FTIR spectrum of a fully

imidized polyimide homopolymer made by reacting BTDA with

TMBis—P is shown in Figure 4.2.1. The absence of the strong

absorption band at 1546 cm'1 and the presence of absorption

bands at 1776 cm”1 and 725 cm‘1 indicated the polymer is fully

imidlzed. The poly(amic acid) would have a strong absorption

band at 1546 cm'1 due to the amide band and would not have

absorption peaks at 1776 cm'1 and 725 cm'1 which are imide

bands. A list for the FTIR assignments for the absorption

bands of the BTDAlTMBis—P polyimide homopolymer are given in

Table 4.2.2. The imidization reaction was allowed to occur

until complete disappearance of the strong amide band at 1546

cm“1 had occurred. At a 165°C reaction temperature,
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Table 4.2.2

FTIR Assignments for the BTDA/TMBis-P based Homopolymer

Frequency (cm”1) Assignment

2968 C—Hstretch(methy1substitents)

1778 Imide carbonyl
1724 stretch vibrations

1684 C=O stretch (benzophenone
moiety)

1370 imide band

728 imide band
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imidization took approximately 15 hours to complete. All

solution imidizations of poly(amic acids) were allowed to

proceed for at least 18 hours to ensure complete imidization

was reached. Solvent soluble fully imidized polyimide homo-

and copolymers were obtained using this solution imidization

technique.

The photocrosslinking reaction which occurs when these

soluble polyimide homo- and copolymers are exposed to UV light

is based on the photosensitive crosslinking reaction of the

tetramethyl Bis-A polyarylene ether ketones proposed earlier

by Mohanty et al. in our laboratory (14,15,16). The

photocrosslinking reaction ls outlined in Scheme 4.2.2. The

photocrosslinking reaction is based on the UV absorbance of

the benzophenone moiety forming the 1,2 diradical in its

triplet excited state, and a subsequent intermolecular

hydrogen abstraction reaction of the diradical with the methyl

substitutant to form a more stable benzylic type radical and

a diphenylhydroxymethyl radical. The combining of radicals

from two different chains forms a crosslink network rendering

the polymer system insoluble.

4.3 Characterization of the BTDA Dianhydride, and Bis—P and
'E.'Y—.·:.'F“PLFl¤§§§@§§¤.ö“i§.?¤§E§§II“r&°é“2§““”““°'

4.3.1 lgt£lg§lg___jQscosigL___gng_ glagi___trgnsition
IEEPBSEEIBIEE

A series of high molecular weight homo- and copolymers

was synthesized using the BTDA dianhydride and Bis-P and
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Photocrosslinking Reaction of the Photosensitive Polyimides
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TMBis-P diamines. Relative molecular weights of the soluble

homo- and copolymers were determined through the use of the

intrinsic viscosity values. The intrinsic viscosities and

glass transition temperatures of the homo- and copolymers are

listed in Table 4.3.1.1. As judged by the high intrinsic

viscosity values, high molecular weight homo- and copolymers

were obtained throughout the entire series of polylmides

studied. Further evidence for this concluslon is supported

by the fact that all polyimide samples formed transparent and

creasable films possessing good mechanical properties.

The glass transitlon temperature of the BTDA and Bis—P

based homopolymer determined by differential scanning

calorimetry was found to be 264°C. The analogous homopolymer

with four methyl substituents along the polymer backbone,

based on BTDA and TMBis-P, had an lncreased glass transition

temperature of 288°C. The 24°C increase in glass transition

temperature ls probably due to the increased steric barrier

to rotation that the methyl substituents lncorporate to the

polymer backbone. The copolymers syntheslzed by incorporating

varying mole percent of the two different diamines have glass

transition temperatures between the two values of the

homopolymers. The higher the TMBis-P content the higher the

glass transition temperature of the polyimide formed.
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Table 4.3.1.1

Intrinsic Viscosities and Glass Transition Temperature of

BTDA, TMBis-P and Bis-P Based Homo- and Copolymers

Polyimide System [77. ](d1/g) Tg (°C) by DSC

BTDA/Bis—P 0.71 264

BTDA/Bis—P(75%) 0.97* 261
TM B16-1>(26%)

BTDA/Bis—P(50%) 0.59* 272
TM Bis—P(50%)

BTDA/Bis—P(25%) 1.67 278
TM Bis—P(75%)

BTDA/TM Bis—P 0.90 288

•1¤ THB ae 25°C
Other intrinsic viscosities in NMP at 25°C
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4-3-2 221xess.-&12!>.l.li$z
One major objective of this research. was to obtain

soluble polylmldes in order to allow processability of the

photolmageable polylmers. Increased solubility in a variety

of solvents will increase the ease of processing and the

amount of solvents able to be used as developing agents in the

photoimaging process. Historlcally polylmides have not been

processable in the fully imidlzed state due to their

lnsolubillty, and therefore, had to be processed in the

poly(amlc acid) form. In fact, using the conventional bulk

imldizatlon procedure rendered the whole series of polyimides

listed in Table 4.3.1.1 totally insoluble even at elevated

temperatures ln. dlpolar aprotlc solvents. However, when

solution imidized at moderate temperatures in a NM? and CHP

cosolvent, totally soluble fully lmidized homo- and copolymers

were obtained. Solubilltles of the series of polylmides based

on BTDA dianhydrlde and Bis-P and TMBis-P dlamlnes are shown

in Table 4.3.2.1 in a variety of solvents. The solubilities

were determined by dissolving the polylmlde in the appropriate

solvent at room temperature in order to obtaln 10% solid

solutions. In most cases the polyimides dissolved within 15

minutes yielding clear high viscosity solutions. The

homopolymer based on BTDA and Bls-P was easily soluble in the

dipolar aprotic solvents such as NM? and DMAc, and was also

soluble in the low boiling solvent methylene chloride.

However, the homopolymer was only marginally soluble in THF
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Table 4.3.2.1

Solubilities of BTDA/'1‘MBis-P/Bis-? Based Homo- and Copolymers

Polyimide System NMP DMAc THF CH2Cl2 ¢Cl Tol

BTDA/Bis-P S S MS S MS IS

BTDA/Bis-P(75%) S S S S S IS
TM Bis—P(25%)

BTDA/Bis—P(50%) S S S S S IS
'IM Bis-P(50%)

BTDA/Bis—P (25%) S S S S S IS
TMBis-P (75%)

BTDA/TM Bis—P S S S S S IS

NMP = N—Methyl Pyrrolidinone THF = Tetrahydrofuran
Tol = Toluene CH C12 = Methylene Chloride
¢Cl = Chlorobenzene DMÄc = Dimethyl Acetamide

S = Easily Soluble MS = Marginally Soluble IS = Insoluble



134

and chlorobenzene. By marginally soluble, it means that the

solution had to be heated above room temperature in order to

obtaln a fully soluble polymer, and after the solution was

cooled to room temperature it began to preclpitate out of

solution. After 25 mole percent of 'HMBis—P diamine was

incorporated into the polymer backbone the copolymer was

easily soluble in THF and chlorobenzene. Therefore, not only

do the umethyl substltuents increase the glass transition

temperature, but they also enhance the solubllity properties

of polyimides. The fact that they had enhanced solubility

allowed the polymers to be processed ln a variety of solvents.

However, after the thin films were heated in an oven at 300°C

for over 15 minutes, the polyimide films were rendered totally

insoluble. This observation was also reported for the

inherently photosensitive polyimldes by workers at Ciba—Geigy

(10). The insolubillty of these polymers ls probably due to

a thermal crosslinking reactlon that can take place when

polyimides containing alliphatlc substituents along the

polymer backbone are heated to high temperatures (145).

4.3.3 Thg£gg—0xidative Stabilitz

Polyimldes are well known for their excellent thermal

stabllitles even in an oxidative environment such as air.

Therefore, it was expected that photoreactive polyimldes would

have high thermal stabilitles. Polyimides used in electronic

applications often see very high processing temperatures



135

during integrated cIrcuIt fabrication. The highest

temperature seen by many computer chips Is the final

aoldering temperature which can reach In excess of 350°C.

Therefore, If the polyimide Is going to remain an Integral

part of the Integrated circuit as an Interlayer dielectric or

passivation layer It must be able to withstand this high

temperature wIthout degradation.

The thermal stabilities of the series of polyImIde homo-

and copolymers based on the BTDA dianhydride and Bis-P and

TMBIs—P diamines were determined by thermogravlmetric analysis

in an air environment. Thin films of the polyimides were

analyzed at a heating rate of 10°C per minute. The comparison

of the thermogravimetric analysis weight loss curves as a

function of temperature Is shown in Figure 4.3.3.1. As can

be seen by the thermogravimetric curves the homopolymer based

on BTDA and Bis-P has greater weight loss at lower

temperatures compared to the copolymers containing the TMBIs—

P diamines. This apparent thermal oxidative stability

enhancement of the polymers containingnmethyl substituents was

probably due to a thermal crosslinking reaction that can take

place at elevated temperatures when methyl substituents are

Incorporated Into the polymer backbone (10,145). Slnce the

polymers can crosslink the temperature required to cause

weight loss was slightly enhanced. The temperatures of 5%

weight loss of the polyimides shown In Figure 4.3.3.1 were all

found to be over soo°c in air.
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4.3.4 Photoseggitive Properties of BTDA, TMBis—P and Bis-
@äFé§.22li'.iE-EEEE ““'“"'"’““°'°°"'°""°’“°“'

The major objective of this research was to produce

soluble, high molecular weight , photosensitive polyimide homo-

and copolymers and to study the effects of chemical and

structural changes in the polymer backbone on the

photosensitive properties of the resulting polyimides. During

this study on the series of polyimides listed in Table

4.3.1.1, the effects of the wavelength of exposure, and the

amount of tetramethyl substituted diamine incorporation on the

photosensitive properties of the photoreactive polyimide

systems were determined.

The photosensitivi ty of the homopolymer based on BTDA and

'lMBis-P was found to be greatly dependent on the wavelength

of exposure. Figure 4.3.4.1 shows a UV absorption spectrum

of a 1.0 micron thick BTDA——TMBis—P based polyimide film from

250nm to 400nm. The major absorption peak below 280nm was due

to the7)"to”h’* transitions of the aromatic rings along the

polymer backbone, while the shoulder peak between 290nm and

320nm was found to be due to the n to
"/7’*

transition of the

aromatic carbonyl group in its triplet state. The

photosensitivity of the homopolymer was determined at two

different wavelengthsg 313nm and 365nm. These wavelengths

were chosen for two reasons. The first reason was because

313nm wavelength is right around the shoulder absorbance peak

of the aromatic carbonyl and 365nm was at a higher wavelength

at which the polymer has a lower optical density. The second
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film).
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reason these wavelengths were chosen was because 313nm and

365nm are the two most intense emission peaks of the high

pressure Hg-Xe arc lamp used as the UV exposure source (see

Figure 2.2.2). As can be seen in Figure 4.3.4.2, the

photosensltive response plot of the BTDA-TMis—P homopolymer

has a gel dose, Dg, of approximately 13 mJ/cm2 and a Di, the

exposure dose required to make a film of given thickness

totally insoluble, of approximately 225 mJ/cmz when exposed

at the 313nm wavelength. The contrast of this polymer was

determined by plotting the normalized film thickness as a

function of the log of the exposure dose as shown in Figure

4.3.4.3. The slope of this straight line formed in this plot

is the contrast of the homopolymer system at the 313nm

exposure wavelength, and was found to be 0.89. However, when

exposed at the 365nm wavelength the gel dose was found to be

37.9 mJ/cm2 and the Di was determined to be 183 mJ/cmz (see

Figure 4.3.4.4). The contrast of the homopolymer at the 365nm

wavelength was found to be 1.39 (see Figure 4.3.4.5). The

lower Dg at the 313nm exposure wavelength indicates that the

homopolymer BTDA—TMBis—P was more photosensitive at this

wavelength than at the longer wavelength at 365nm. However,

the Di is lower at the 365nm wavelength than at the 313nm

wavelength causing the contrast to be higher for the polyimide

system at 365nm. The reason the lower Dg and the higher Di

were both found at the 313nm wavelength was due to the optical

density of the polyimide at this wavelength. Even though the
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polymer was found to be more sensitive at 313nm as indicated

by the lower Dg, the optical density of the polymer is higher

at this wavelength. Therefore, the UV light was highly

absorbed by the polymer only allowing approximately 10% of the

initial light through the film. Since the intensity of the

UV light decreased as the light was absorbed by the polymer,

the crosslinking reaction was depressed causing a higher Di

value at the 313nm wavelength. A more dramatic effect is

shown for a lower molecular weight homopolymer (intrinsic

viscosity 0.45 dl/g in NM at 25°C) in Figure 4.3.4.6. Dg was

lower at the 313nm wavelength. However, Di was approximately

the same for the homopolymer at both wavelengths. Therefore,

the contrast value at 365nm was determined to be 2.1 while

only 1.2 at the 313nm wavelength. The resolution of a resist

has been found to be directly related to the contrast of the

photoresist system (21,146,147). The higher the contrast

value the higher the resolution of the imaged pattern. Since

higher contrast values were determined at the 365nm

wavelength, coupled with the fact that only film thickness

less than 1.5 microns could be crosslinked at the 313nm

wavelength due to the high optical density of the polyimide

at this wavelength, the 365mm wavelength was used as the

exposure wavelength for the rest of this study.

The photosensitives of the polyimide homo- and copolymers

based on the BTDA dianhydride and Bis-P and TMBis—P dlamines

were found to be dependent on the amount of methyl
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substituents incorporated into the polyimide copolymer. The

summarized photosensitive properties of the series of homo-

and copolymers are listed in Table 4.3.4.1. At 75 to 100 mole

percent TMBls—P dlamine lncorporation there was only a small

difference in photosensitivities as determined by their low

Dg and Di values. However, in the copolymer with 50 mole

percent of the Bis—P diamine incorporation the gel dose, Dg,

at 365nm increased to 1,144 mJ/cm2 for the copolymer compared

to the 38 mJ/cmz of the homopolymer with 100 percent TMBis—

P diamine incorporation. The exposure dose required to make

a given film thickness totally insoluble, Di, increased to

3658 mJ/cm2 for the 50% Bis-P copolymer. This decreased

photosensitivity effect was even uore pronounced for the

copolyimide containing only 25 mole percent of the tetramethyl

substituted diamine TMBis—P as shown in Table 4.3.4.1. The

copolymers with less DMBis—P content were less photosensitive

than the homopolymer with 100 percent TMBis—P lncorporation.

In the copolymers with greater amounts of Bis-P diamine

incorporation there were less methyl groups in close proximity

to the triplet exclted state of the carbonyls when the polymer

was exposed to UV light, and therefore the intermolecular

hydrogen abstraction and subsequent crosslinklng reactions

were inhibited
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4.4 Characterization of the BTDA Dianh dride and TMPDA and

4.4.1 ggg-äj_;_-_§j_g__$3;A_m_lnopheno_gy—4'jgggggyg

A series of high molecular weight homo- and copolymers

were synthesized using the BTDA dianhydride and the‘UMPDA and

DKDEDA diamines in order to determine the effect of increased

aromatic keto concentration on the photosensitive properties

of the polyimides. In order to synthesize this series of

polyimides the diketo diether diamine (DKDEDA) had to be

synthesized first.

The 1,3-Bis(3—Amlnophenoxy-4’-Benzoyl)benzene was

synthesized in two steps. The first step was to synthesize

1,3-Bis-4-fluorobenzoyl)benzene by a Friedel-Crafts acylation

of fluorobenzene with isophthaloyl chloride using anhydrous

alumlnum chloride as the Lewis acid (see Scheme 4.4.1.1). The

FTIR of a KBr pellet of this compound is shown in Figure

4.4.1.1. The major IR bands for the 1,3-Bis-4-Fluorobenzoyl)

benzene are 1656 cm'1 due to the C=O stretch and 1240-1156 cm'

1 due to the C—F stretch band. .A small sample of the

diffuoride was sent to Atlantic Microlab, Inc. to be analyzed

for the carbon and hydrogen weight percentages. The

theoretical values were calculated to be 74.53% carbon and

3.75% hydrogen. The determined weight percentages were found

to be 74.63% carbon and 3.75% hydrogen. These values are in

close agreement with the calculated theoretical values. The
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Scheme 4.4.1.1

Synthetic Process employed for 1,3-Bis(4-fluorobenzoyl)'benzene

° Hac —C¤@*
AICI3
N2
5 hours
Refluxing
-HCl

° H
C

1,3-Bis(4-Fluorobenzoyl) Benzene
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melting range of the difluorlde crystals was found to be 179-

180°C! which is close to the literature values of 177.5-

178.5°C (137).

Proton NMR was used to confirm the chemical structure of

the ddfluoride obtalned fronn the FTiede1—Crafts acylation

reaction. Figure 4.4.1.2 shows the proton NMR spectrum from

the 6.5ppm to 8.5ppm region and the assigned NMR peaks. The

proton NMR data supports that the fluorobenzene was only

attacked para to the fluorine atoms forming ketone llnkages

para to the flourine atoms in the final product.

After the 1,3-Bis(4-fluorobenzoyl) benzene was

synthesized and purified it was used in the synthesis of the

diamlne 1,3—Bls(3—Aminophenoxy—4'-Benzoyl) benzene. 1,3-

Bls(3-Aminophenoxy-4'-Benzoyl)benzene was syntheslzed by a

nucleophilic aromatic displacement reaction of 1,3-Bis(4—

fluorobenzoy1)benzene by 3-aminophenol using anhydrous

potassium carbonate at the base catalyst. This reaction was

run in DMAc with toluene as the azeotroping solvent at 130°C

for 19 hours and 5 hours at 145°C as shown in Scheme 4.4.1.2.

The crude product was recrystallized from toluene to yield a

pale yellow solid. The FTIR of a KBr pellet of the diamine

ls shown in Figure 4.4.1.3. The major IR bands are listed in

Table 4.4.4.1.

A small sample of the diamine was sent to .Atlantic

Microlab, Inc. to be analyzed for the elemental analysis of

the carbon, hydrogen and nitrogen weight percentages. The
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Scheme 4.4.1.2

Synthetic Process Employed for 1,3—Bis(3—s.minophenoxy—4'-
Berxzoyl) Benzeue

TE.
DMAc/Toluene (60/40)

N2
130°C for 20 hours
145°C for 5 hours

NH=CEOCE

CE“©MCE
1,3 Bis(3·Aminopher1oxy-4'-Benzoyl) Benzene
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Table 4.4.1.1

FTIR Assignments for 1,3-Bis(3-Aminophenoxy-4'-Benzoy1)

Benzene

Frequency (cm'1) Assignment

3466 Asymmetric N-H stretch

3371 Symmetrie N-H stretch

1655-1570 C=0 stretch

1486 N—H bending

1286 C—N stretch

1243 Asyunmtric C-O-C stretch

1159 Symmetrie C-O-C stretch
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theoretical values were calculated to be 76.79% carbon, 4.83%

hydrogen and 5.60% nltrogen. The determined weight

percentages were found to be 76.66% carbon, 4.85% hydrogen and

5.52% nltrogen by elemental analysis. These determined values

are in close agreement with the calculated theoretical values.

The meltlng range of the DKDEDA solid was found to be 140 to

142°C which ls close to the reported literature values of 142-

144°C (137).

Proton NR was used to confirm the chemical structure of

the diamine obtained fronxthe nucleophlc aromatic dlsplacement

reaction. Figure 4.4.1.4 shows the proton NMR of the 1,3-

Bis(3-Aminophenoxy—4'-Benzoyl)benzene fro¤10 to 10 ppm region.

The singlet peak at 3.8 ppm is due to the 4 protons on the

amine functionallties and multiple peaks in the 6.4 to 8.2

region are due to the 20 aromatic protons on the diamine.

Figure 4.4.1.5 shows an expansion of the proton NM spectral

region of the aromatic protons between 6.0 ppm and 8.5 ppm and

the assigned peaks. The proton NMR data supports the fact

that the 1,3-Bis(3—aminophenoxy—4'-Benzoyl)benzene was

successfully synthesized.

4.4.2 Intrinslc _giggosities and glass tgansition
tegpergtggg

A series of high molecular weight homo- and copolymers

was successfully synthesized using the BTDA dlanhydride and

TMPDA and DKDEDA diamines. The relative molecular welghts of
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this series of polyimide homo- and copolymers were determined

by intrinsic viscosity values in NMP at 25°C. The intrinsic

viscosities and glass transition temperatures of this series

of polymers are listed in Table 4.4.2.1. The high intrinsic

viscosity values indicate that high molecular weight

polyimides were obtained. This conclusion was supported by

the fact that all the polyimide samples listed in Table

4.4.2.1 formed transparent and creasable films with good

mechanical properties.

The glass transition temperature of the BTDA and TMPDA

based homopolymer was found to be 439°C by dynamic mechanical

thermal analysis. The glass transition temperature was

determined by the tan delta damping peak as indicated in

Figure 4.4.2.1. Since the tan delta damping peak was rather

broad, starting at approximately 320°C and not peaking until

439°C, a thermal crosslinking reaction could be taking place

as the polyimide homopo1ymer· is being heated. The glass

transition temperature of this homopolymer could not be

determined by DSC because no endotherm was observed in the DSC

scan.

The copolymers wi th varying amounts of DKDEDA

incorporated into the polyimide backbone had lower glass

transition temperatures than the BTDA—TMPDA.based‘homopolymer.

After 40 mole percent of the DKDEDA was lncorporated into the

polyimide backbone the glass transition temperature decreased

to 279°C. The other copolymers had glass transition
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Table 4.4.2.1

Intrinsic Viscosities and Glass Transition Temperatures of
BTDA, TMPDA, and DKDEDA based homo- and copolymers.

Polyimide System [72] (dl/g) Tg (°C)

BTDA/TMPDA 0.50 439

BTDA/DKDEDA(10%) 1.43 -—-

TMPDA(90%)

BTDA/DKDEDA(20%) 0.82 346
TMPDA(80%)

BTDA/DKDEA(30%) 0.66 295
TMPDA(70%)

BTDA/DKDEDA(40%) 0.53 279
TMPDA(60%)

Note: Intrinsic viscoslties measured in NMP at 25°C
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temperatures between 279°C and 439°C dependlng on the mole

percent DKDEDA lncorporated into the polymer backbone.

4.4.3 Polyger_§glubility

The polymer solubilities were determined in a wide

variety of solvents by dissolving the polyimldes in the

appropriate solvent at room temperature in order to obtain 10%

solid solutions. Solubilities of the series of polylmides

based on BTDA dianhydride and DKDEDA and TMPDA dlamines are

listed in Table 4.4.3.1. The whole series of polyimlde homo-

and copolymers readily dissolved in the dipolar aprotic

solvents such as DMAc and NMP and the low boiling solvent

methylene chloride to form clear viscous polyimide solutions.

The solubilities of the copolymers with increased DKDEDA

content did not change at least in the series of solvents

tested in Table 4.4.3.1. After fully imidized polyimide films

were cast onto glass plates and heated to 2o0°c in an oven,

the polyimides were rendered insoluble in all solvents tested.

Again as with the other series of polylmides, these polyimides

probably had undergone a thermal crosslinking reaction at the

elevated temperatures (10,145).

4 · 4 ·
4The thermo-oxidative stabillties of the series of

polyimide copolymers based on BTDA dianhydride and DKDEDA and

TMPDA were determined by thermogravimetric analysis in an air
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Table 4.4.3.1

Solubility of BTDA/TMPDA/DKDEDA Based Homo- and Copolymers

Solvents

Polyimide System NMP DMAc THF CH2Cl2 ¢Cl Tol

BTDA/UMPDA S S IS S IS IS

BTDA/DKDEDA (10%)/ S S IS S IS IS
TMPDA (90%)

BTDA/DKDEDA (20%)/ S S IS S IS IS
TMDA (80%)

BTDA/1)K1>E1)A (30%)/ S s IS s IS IS
TMPDA (70%)

BTDA/DKDEDA (40%)/ S S IS S IS IS

TMPDA (60%)

NMP = N-Methyl Pyrrolidinone THF = Tetrahydrofuran
Tol = Toluene CH C12 = Methylene Chloride
¢C1 = Chlorobenzene DMÄc = Dimethyl Acetamide

S = Easily Soluble MS = Marginally Soluble IS = Insoluble
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environment at a heating rate of 10°C per uminute. The

polyimides were analyzed as thin films. Figure 4.4.4.1 shows

a comparison of a copolymer with 10% DKDEDA incorporation and

a copolymer with 40% DKDEDA incorporation. As can be seen by

the thermogravimetric analysis weight loss curves, the thermal

stability of the copolymers is almost exactly the same. The

thermo-oxidative stability of the copolymers does not change

when more DKDEDA is incorporated into the polymer backbone at

least with the series of polylmides studied. All polyimides

in this series had a 5% weight loss at greater than soo°c in

an air environment.

4.4.5 Photosensitive Properties of BTDA, DKDEDA and TMPDA

The series of polyimide homo- and copolymers with varying

amounts of DKDEDA was synthesized in order to determine the

effect of increased aromatic keto group concentration on the

photosensitive properties of the polyimldes obtained. As one

might expect, the optical densities of copolymers lncreased

with increasing DKDEDA lncorporation at both the 313nm and

365nm wavelengths as shown in Table 4.4.5.1. The increase in

optical density was due to the increase in the amount of

aromatic ketone groups available to absorb the UV light.

Since the optical densitles of the homo- and copolymers

at the 313nm wavelength were extremely high, the 365nm

wavelength was chosen to study the photosensitive properties

of this series of polyimides.
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Table 4.4.5.1

Optical Densities of BTDA/TMPDA/DKDEDA Based Homo- and

Copolymers

Wavelength

Polyimide System 313nm 365nm

BTDA/TMPDA 1.580/Alu) 0.138/ALm

BTDA/DKDEDA (10%)/ 1.530//{m 0.139//(m
TMDA (90%)

BTDA/DKDEDA (20%)/ 1.615/Axm 0.162//{m
TMPDA (80%)

BTDA/DKDEDA (30%)/ 0.179/LLm
'1‘M1>1>A (70%)

BTDA/DKDEDA (40%)/ 1.751/ß(m 0.188LLLm
TMPDA (60%)

Optical Density = the UV absorbance per one micron thick film.
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The photosensltive properties of these polyimides were

determlned by analyzing photosensitive response plots and

using them to determine the gel dose, Dg, and the exposure

dose required to render a film of given thickness totally

insoluble, Di. The contrast of this series of polylmides were

determined by plotting the normalized film thickness remalning

as a function of the log of the exposure dose. The slope of

the straight lines formed by these plots were the determined

contrasts, K , of the given polyimide systems. Table 4.4.5.2

summarizes the results obtalned from the various

photosensltive response and contrast plots for the series of

polyimides based on the BTDA dianhydride and the TMPDA and

DKDEDA diamines.

The homopolymer based on BTDA and TMPDA had a gel dose

of 36.1 mJ/cmz, a Di of 188 mJ/cm2 and a contrast of 1.33 when

exposed at the 365nm wavelength. The copolymers with 10 and

20 mole percent DKDEDA incorporation did not show much change

from the homopolymer. The lower Dg and D1 of the 10 mole

percent DKDEDA copolyimide was due to the very high relative

molecular weight of this polymer as indicated by the high

intrinsic viscosity value of 1.43 dl/g determined in NMP at

25°C. lbwever, after 30 umle percent of the DKDEDA was

incorporated into the polymer backbone a sharp increase in

both the Dg and Di was determined, indicating that the

photosensitlvity of the copolyimide had decreased. A further

increase in the Dg and Di was seen for the 40 mole percent
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DKDEDA copolymer with a Dg of 729 mJ/cm2 and a Di of 1,388

mJ/cmz. The decrease in photosensitivlty was found to be due

to the decrease in the amount of methyl substituents

incorporated into the copolymers backbone. The more DKDEDA

incorporated into the polymer backbone the less TMPDA that

could be incorporated, since both were incorporated as mole

percentages of the total diamine content. Therefore, as the

amount of DKDEDA was increased the amount of methyl

substituents incorporated was decreased. As found in the

previous study, the less methyl substituents along the polymer

backbone the greater the exposure dose required for the Dg and

Di. This is due to the fact that a methyl substituent must

be in close proximity to the 1,2 diradical of the benzophenone

moiety in order for a hydrogen abstraction reaction to take

place. If the hydrogen abstraction reaction is inhibited the

crosslinking reaction is also inhibited. Therefore, even

though the amount of UV absorbing aromatic carbonyl groups

was increased the photosensitivity of the copolymers ‘was

decreased due to the lack of methyl substituents available to

undergo an intermolecular hydrogen abstraction reaction and

subsequent combining of the radicals to form a crosslinked

network.

4.5 Characterization of the BTDA and 6FDA Dianh dride and
'i‘__l~71_§öK’i>'{T•ETf1E'"ly _§iH'CF"'lX

g4.5.1lntrinsig___yiggositieg___ggg glass transiilgg
temperaturgg
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A series of high molecular weight homo- and copolymers

was synthesized using both BTDA and 6FDA dianhydrides and the

TM?DA diamine in order to determine the effect of decreased

aromatic keto concentration on the photosensitive properties

of the polyimides obtained. Relative molecular weights of

this series of homo- and copolymers were determined by the

intrinsic viscosities values in NM? at 25°C. Table 4.5.1.1

lists the intrinsic viscosities and glass transition

temperatures of the polyimide series. The high intrinsic

viscosity values indicate that high molecular weight

polyimides were obtained. All of the polyimide samples listed

in Table 4.5.1.1 formed transparent and creasable films with

good mechanical properties, giving further support that high

molecular weight copolymers were formed.

This particular series of copolymers was synthesized by

a reverse addition method of adding the diamine to a stirring

solution of the dianhydride. Generally, the highest molecular

weight polyimides have been synthesized by the addition of the

solid dianhydride to a stirring diamine solution (55). This

procedure is typically used to avoid possible anhydride

hydrolysis which could occur by the reaction of anhydride with

residual water in the solvent, which in turn could cause an

upset in the 1:1 stiochiometry of the diamine to dianhydride

required for high molecular weight polymer. However, even

though this series was synthesized by the reverse addition

method in order to obtain more uniform copolymers, high
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Table 4.5.1.1

Intrinsic vlscosities and glass transition temperatures of

BTDA, 6FDA and TMPDA based homo- and copolymers

Polyimide System [72] (dl/g) Tg (°C) by DMTA

BTDA/TMPDA 0.50 439

BTDA (90%)6FDA (10%)/ 1.49 -——

TMPDA

s·mA (75%)/6FDA (26%)/ 1.38 439
TMPDA

BTDA (65%)/6FDA (35%)/ 1.01 ———

TMPDA

BTDA (50%)/6FDA (50%)/ 0.97 439
TMPDA

BTDA (35%)/6FDA (65%)/ 0.95 --—
TMPDA

BTDA (25%)/6FDA (75%)/ 0.85 ---
TMPDA

6FDA/TMPDA 0.74 --—

Note: intrinsic viscoslty measured in NIVIP at 25°C
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molecular weight polyimides were still obtained. This

conclusion is supported by the fact that high intrinsic

viscoslty values were obtained. Apparently the system was

sufficiently dry to avoid hydrolysis problems.

The glass transition temperatures of this series of

polyimides were not able to be determined by differential

scanning calorimetry (DSC) and therefore dynamic mechanical

thermal analysis (DMTA) was employed. The glass transition

temperature of the homopolymer based on BTDA and TMPDA was

found to be 439°C by the tan delta damping peak at a heatlng

rate of 5°C per minute and a frequency of 1 Hz. Note that

this value is somewhat enhanced by crosslinking at high

temperatures. Crosslinklng probably occurs at high

temperatures via benzoyl methyl oxidation coupllng. After 50

mole percent 6FDA dianhydride was lncorporated into the

polyimide backbone the same glass transition temperature of

439°C was observed. This indicated that the polyimide's glass

transition temperature was not greatly affected by changing

the dianhydride from BTDA to BFDA. Similar observations were

made by Arnold et al. when synthesizing homopolymers using the

diamines 3,3'—Diaminodiphenyl sul fone (3,3'DDS) and Bisanaline

P (Bis-P) with the dianhydrldes BTDA and 6FDA (148,149). The

homopolymer made from BTDA and 3,3'DDS had a glass transition

temperature of 265°C while the homopolymer based on 6FDA and

3,3'DDS was found to have a glass transition temperature of

270°c (148,149). Similarly, the homopolymer based on BTDA and
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Bis-P had a glass transition temperature of 264°C, while the

homopolymer based on 6FDA and Bis-P had a glass transition

temperature of 267°C (148,149). Only changes of 5°C or less

were observed in the glass transition temperatures when

changing the dlanhydride from BTDA to 6FDA in the

homopolymers.

Other glass transition temperatures of the copolymers not

listed in Table 4.5.1.1 were unable to be measured due to

premature cracking in the thin polymer films when. being

analyzed by DMTA. However, the glass transltion temperatures

are expected to be similar to the homo- and copolymers that

were able to be measured. Therefore, the copolymers should

all have damping peaks close to 439°C for this series of

polyimides.

4.5.2 Polymer Solubillty

The polyimide solubilities were determined in the same

variety of solvents as for the other series of polyimide homo-

and copolymers already discussed. The solubilities were

determined by dissolving the polyimides in the appropriate

solvent at room temperature in order to obtain 10% solid

solutions. The solubilities of the series of polyimide homo-

and copolymers based on the BTDA and 6FDA dianhydrides and

the TMPDA diamine are shown in Table 4.5.2.1. Like the other

series of polymers already discussed, these polyimides were

soluble in the dipolar aprotic solvents such as DMAc and NMP.
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Table 4.5.2.1

Solubilities of BTDA/6FDA/TMPDA based Homo- and Copolymers

Solvents

Polyimide System NMP DMAc THF CHZCI2 ¢C1 Tol

BTDAJTMPDA S S IS S IS IS

BTDA (90%)/6FDA S S IS S IS IS
(10%)/·1‘M1>1>A

BTDA (75%)/6FDA S S IS S IS IS
(25%)/TMPDA

BTDA (65%)/6FDA S S S S IS IS
(35%)/TMPDA

BTDA (50%)/6FDA S S S S IS IS
(60%)/'1*MPDA

BTDA (35%)/6FDA S S S S IS IS
(65%)/TMDA

BTDA (25%)/6FDA S S S S IS IS
(75%)/TMDA

GFDAITMDA S S S S IS IS

NMP = N-Methyl Pyrrolidinone THF = Tetrahydrofuran
Tol = Toluene CH C12 = Methylene Chloride
¢Cl = Chlorobenzene DMÄc = Dimethyl Acetamide

S = Easily Soluble MS = Marginally Soluble IS = Insoluble
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The homopolymer based on BTDA and TMPDA was also soluble in

the low boiling solvent methylene chloride but not in

tetrahydrofuran. However, after incorporating·35¤m1e percent

of the 6FDA into the polymer, the copolyimide formed was

easily soluble in tetrahydrofuran. Therefore, by

incorporating the 6FDA into the polymer backbone the

solubility of the homo- and copolymers was lncreased. This

observation was also reported for other polyimide systems

using the 6FDA instead of the BTDA dianhydride (148,149).

4.5.3 Thermo;Qg1dative_§tgbiljty

Thin films of the polyimides based on the BTDA and 6FDA

dianhydrides and TMPDA diamine were analyzed by

thermogravimetric analysis in an air environment in order to

determine their thermo-oxidative stability. Figure 4.5.3.1

shows a comparison of the thermal scans for the homo- and

copolymers at a heating rate of 10°C per minute. The

homopolymer based on BTDA and TMPDA had less weight loss at

the higher temperatures than the homo- and copolymers with

6FDA incorporation, and therefore, appears to have more

thermo—oxidative stability. The copo1ymer· with 10% 6FDA

incorporation has an increased weight loss at high

temperatures compared to the BTDA homopolymer. However, after

50 mole percent of the 6FDA incorporation into the polyimide

backbone there seemed to be a leveling off effect. The homo-

and copolymers with 50 to 100 mole percent of the 6FDA



1 7 6

1 •
'

~ ‘

\_ _

8
x-——a
\

% x
wm. ·' d

‘\
‘ b

Rmmnxp \ X
\ x

X • 8 \
a) BTDA/TM PDA

I \\
b) BTDA (90%)/6FDA (10%)/TM PDA \
C) BTDA ($0%)/6FDA (50%)/TM PDA \\

• d) DTDA (25%)/6FDA (75%)/TM PDA \
e) 6FDAlTM PDA \

X \
\ x

100 200 300 400 500 600 700

TEMPERATURIE (°C)

Figure 4 . 5 . 3 . 1 . Thermogravimetric Ana lys i s of BTDAI 6FDA/Tl\'IPDA
based Homo- and Copo lymer s (air atmosphere:
10°C/minute).



177

incorporation into the polylmide backbone essentially had the

same amount of weight loss at a given temperature as judged

by the thermal scans shown in Figure 4.5.3.1. This apparent

decrease in thermal stabillty compared to the homopolymer may

be due to a decrease in the amount of thermal crossllnking

that can take place when the 6FDA is incorporated at high mole

percentages. With a decrease in thermal crosslinking the

weight loss will be greater at a lower temperature compared

to a polyimlde that can thermally crosslink to a high extent.

4.5.4 Photosensitive Properties of BTDA, BFDA, and TMPDA
I>2.F='=T““ü..<!s.„¤¤.¤„*'?‘.i¤L°<?2§.?>“Y.z’§_FE§“““’“'—“

A series of polyimide homo- and copolymers with varying

amounts of BTDA and 6FDA dianhydride was synthesized in order

to determine the effect of decreased aromatic ketone

concentration on the photosensitive properties of the

polylmides obtained. Figure 4.5.4.1 shows the effect of 6FDA

incorporation on the optical denslties of the homo- and

oopolymers at 365nm. Since the 6FDA does not have the

benzophenone moiety to absorb the UV light the optical

densities of the copolymers decreased with increasing 6FDA

content. The homopolymer based on BTDA and TNWDA has an

optical density of approximately .14 absorbance per micron

thick film at the 365nm wavelength. However, the homopolymer

based on 6FDA and TMDA has a much lower optical density of

0.03 absorbance units per micron thick film. Therefore, the

more 6FDA incorporated into the polylmide backbone the more
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Figure 4.5.4.1. Optical Densities as a Function of the mole
percent 6FDA incorporation at the 365nm
wavelength.



179

transparent the polymer film was to UV light at 365nm.

A similar decrease in optical density was found at the

313nm wavelength. Figure 4.5.4.2 shows a plot of the optical

density at 313nm as a function of the mole percent 6FDA

incorporated into the polymer. The homopolymer based on BTDA

and TMPDA had an optical density of approximately 1.58

absorbance units per micron thick film. This optical density

is too high to effectively crosslink one micron thick films

because the UV light would be totally absorbed at 313nm.

However, the homopolymer based on 6FDA and TMPDA had a

decreased optical density at the 313nm wavelength of 0.3

absorbance units per micron thick film. Therefore, the

copolymers with high 6FDA content could be exposed at 313nm

due to the significant decrease in UV light absorption.

The photosensitive properties of these polyimides were

determined by plotting photosensitive response plots for each

individual polyimide system and using them to determine the

gel dose, Dg, and the exposure dose required to make a film

of given thickness totally insoluble, Di. The contrasts of

each polyimide system was determined by plotting the

normalized film thickness remaining as a function of the log

of the exposure dose. The slopes of the straight lines formed

by this type of plot were the determined contrasts, K , of the

given polyimide systems.

Table 4.5.4.1 shows a sunmary of the photosensitive

properties for the series of polyimides based on the BTDA and
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6FDA dlanhydrides and the TMDA diamine at the exposure

wavelength of 365nm. The homopolymer based on the BTDA and

TMPDA had a gel dose, Dg, of 36.1 mJ/cmz, a Di of 188 mJ/cmz

and a contrast, X , of 1.33. However. after 50 mole percent

6FDA was incorporated into the copolymer a Dg of 37.7 mJ/cmz

and a lower Di value of 123 mJ/cmz was found giving rise to

a higher contrast value of 1.83 compared to the BTDA and TMDA

based homopolymer. Even at a higher 6FDA concentrations of

mole percent 6FDA the Dg was found to be 55.2 mJlcm2 and the

Di was found to be 165 mJ/cmz giving an even higher value for

the contrast of 1.98. This indicates that even at low

aromatic ketone concentrations the copolymers were still

photosensltive, and only a small amount of the benzophenone

moieties had to be incorporated into the polyimide backbone

to obtain a photocrosslinkable polyimide. However, the 6FDA

and TMPDA based homopolymer, without any benzophenoneumoieties

incorporated into the polyimide, was found not to be

photosensltive even at high exposure doses. Therefore, the

benzophenone moiety is important in the crosslinking but only

small mole percentages have to be incorporated into the

polymer.

In general an increase in the contrast value is very

desirable i11 a photoresist system, since the contrast is

directly related to the resolution capabilities of a

photoresist. The higher contrast values determined for the

polylmide systems with high 6FDA content was due to their
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lower optical densities. Because they had lower optical

densities, more UV light can pass through a given film

thickness causing the photocrosslinking reaction to be more

efficient. Therefore, thicker films can be crosslinked at

lower exposure doses.

Even more significant, the polyimides with greater than

50 mole percent 6FDA incorporation had a low enough optical

density to allow them to be exposed at 313nm. Generally,

greater resolutions in photoresist patterns can be obtained

for a photoresist that can be exposed at lower wavelengths

(146). For this reason the amount of research being reported

in the "deep UV" region of the UV light spectrum is rapidly

increasing. Table 4.5.4.2 shows the photosensitivity

parameters for the copolyimides containing 50 mole percent or

greater 6FDA incorporation exposed at the 313nm wavelength.

The Dg and Di values for these polyimides are greatly

reduced compared to the Dg and Di values determined at the

higher 365DHl wavelength for the same polyimide systems.

instead of a gel dose of 37.7 mJ/cm2 and a Di of 123 mJlcm2

determined when the 50 mole percent of 6FDA copolyimide was

exposed at 365nm, a gel dose of 2.2 mJ/cmz and a Di of 17.6

mJ/cmz was found. The lower exposure doses required for the

copolymers at the lower wavelength can be attributed to the

fact that the benzophone moieties absorb more UV energy and

form the 1,2—diradical more efficiently at 313nm than at

365nm.
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The synthesis of aminopropyl terminated

polydimethylsiloxane oligomers was accomplished by an anionic

ring opening equilibration reactlon of the cyclic

dimethylsiloxane tetramer, commonly known as D4, in the

presence of the dimer bis(aminopropy1) tetramethyldisiloxane

with a quaternary ammonium siloxanolate catalyst. The

equilibration reaction is outlined in Scheme 4.6.1.1. The

base catalyst attacks the electropositive silicon atom between

the silicon and oxygen atoms in order to generate siloxaholate

ions and to initiate the ring opening polymerization. The

reaction continues by a making and breaking of Si—O bonds.

The aminopropyl disiloxane monomer acts as an effective "end

capper" or chain transfer agent since the Si—O—Si bond in the

cyclic monomer, growing chain, and the dimer are quite similar

in reactivitles while the silicon—akly1 bond ls more covalent

in nature and therefore stable during the polymerization.

The equilibration reactions were run for 48 hours under

neat bulk conditions at 80°C in a dry nitrogen gas purge to

insure anhydrous conditions. However, previous studies have

shown that shorter times are required to reach equilibrium

(139). After the 48 hours, the reaction temperature was

raised to 150°C for approximately 3 hours to decompose the

catalyst into the volatile byproducts trimethylamine and

methanol (139). The low boiling cyclics left after
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Scheme 4.6.1.1

Synthesis of Aminopropyl Terminated polydimethylsiloxane

Oligomers
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equilibration were removed by‘vacuum stripping. Approximately

8.0 weight percent of the reaction product was found to be

cyclic via chromatographic analysis, with D4 being the

predominant species (139).

The rnolecular weight of the siloxane oligomers were

controlled by the ratio of D4 to aminopropyl terminated

siloxane dimer. The number average molecular weight of the

siloxane oligomer was determined by potentiometric titration

of the amlne end groups with alcoholic HC1. The actual value

of a siloxane oligomer with a theoretical number average

molecular weight of 2,500 g/mole was found to be 2,465 g/mole.

The glass transition temperature of the 2,500 g/mole siloxane

oligomer was found to be -123°C by DSC.

The infrared spectrum of the 2,500 g/mole siloxane

oligomer is shown in Figure 4.6.1.1 and the assignments of the

important absorbance bands are listed in Table 4.6.1.1 for the

characteristic siloxane motions.

The proton NMR of the siloxane oligomer had one

characteristic resonance peak at 0.3 ppm due to methyl

groups on the siloxane. However, the molecular weight of the

oligomers could not be determined by the proton NMR because

the molecular weight was too high to accurately observe the

resolved aminopropyl end groups.

4 ~ 6 -
2Poly(imide siloxane) segmented copolymers were
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Table 4.6.1.1

FTIR Assignments for an Aminopropyl Terminated polydimethyl

siloxane Oligomer

Frequency (cm"1) Assignment

2463 C—H methyl stretch

1410 Si(CH3)2O asymmetric deformation

1260 Si(CH3)2O asymmetric deformation

1130-1000 Si—O-Si stretch Vibration

800 Si(CH3)2O stretch, methyl rock

715 Si(CH3)2O stretch,

510 Si-O-Si bending Vibration
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syntheslzed by the conventional two step approach of first

synthesizing the poly(amic acid siloxane) followed by a

cyclodehydration step to form the polyimide. The poly(amic

acid siloxane) was synthesized using a cosolvent system of NMP

and THF due to the solubility differences between the siloxane

oligomer, the aromatic monomers, and the poly(amic acid)

formed. The major factor in this synthesis was maintalning

a homogeneous reaction solution by controlling the ratio of

NMP to THF.

The general synthetlc procedure for obtaining high

molecular weight poly(imide siloxanes) is outlined in Scheme

4.6.2.1. The poly(amic acid) intermediates could be

synthesized by one of two methods. The first method was

modeled after the conventlonal procedure in which poly(amic

acids) are synthesized, by adding the solid dianhydride to a

solution of the diamines in the NMP/THF cosolvent system.

This procedure required careful solvent additions during the

reaction in order to keep the reaction solution homogeneous,

and was only found to be useful for low molecular weight

siloxane oligomers of 2,000 g/mole or less (141). High

molecular weight poly(amic acids) were not obtained when this

method was employed for high molecular weight siloxane

oligomers due to the solubility constraints of the

constituents.

However, a second method was found to be useful for high

molecular weight siloxane oligomers even at high siloxane
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Scheme 4.6.2.1

Synthesis of Po1y( Imide Siloxane) Copolymers.
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content (141). In this synthetic procedure a reverse monomer

addition process is used. The siloxane dlssolved in THF is

slowly added dropwise to the stirring dianhydride solution to

avoid premature chain extension of the polydimethylsiloxane,

and to insure that the siloxane oligomers are capped at both

ends with anhydride end groups. By capping the siloxane

oligomers first, an enhanced solubility is obtalned of the

capped siloxane in the dipolar aprotic solvent NMP.

Therefore, a more homogeneous reaction solution is obtained.

After all the siloxane oligomer is capped by the dlanhydride,

the stolchiometric amount of the second aromatic dlamine is

added to the reaction to cause chain extension and to form the

high molecular weight poly(amic acid). Since this method

formed the most homogeneous reaction conditions, this method

was used to form all the p0ly(amic acid siloxanes) discussed

herein.

The po1y(amic acid siloxanes) were cyclodehydrated by

both the conventional bulk thermal imldlzation and the

solution imidization procedure using the NMP and CHP cosolvent

system, as previously discussed. The bulk imidization method,

casting thin films on glass plates and heating to high

temperatures, caused the polyimldes formed to be totally

insoluble in all solvents tested. However, all poly(imide

siloxanes) formed by the solution lmidization procedure in the

NMPICHP cosolvent system at moderate temperatures were easily

soluble in the dipolar aprotic solvents.
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An FTIR spectrum of a poly(imide siloxane) based on BTDA

and TMRDA containing 20 weight percent polydimethylsiloxane

content is shown in Figure 4.6.2.1. A list of the FTIR

assignments for this polyimide copolymer is shown in Table

4.6.2.1. Both the polyimide IR bands and the IR bands

associated with polydimethylslloxane remain present in the

copolymer spectrum. The lntensity of the IR bands depends on

the amount of siloxane content in the copolymers.

Proton NMR was used to determine if the polydimethyl

siloxane was successfully incorporated into the polyimlde

copolymers. Figure 4.6.2.2. shows a proton NMR spectrum of

a solution imidized poly(imide siloxane) segmented copolymer

with 20 weight percent polydimethyl siloxane incorporation

dissolved in CDCI3 without TMS. This spectrum shows a strong

resonance peak at 0.07 ppm due to the siloxane methyl groups,

a peak at 2.1 ppm due to the methyl substituents on the

diamine, and a series of aromatic proton resonances at

approximately 8.2 ppm due to the aromatic protons in the

polyimide. The absence of other peaks above 10 ppm indicated

that no residual carboxylic acid groups were present and there

was quantitative conversion of the amic acid to the polyimide.

The actual amount of slloxane incorporated into the

copolymers was also determined by using the integrated NM

spectra. The amount of siloxane incorporated into the

copolymer was determined by ratioing the peak integration

intensities of the siloxane methyl groups to the other protons
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Table 4.6.2.1

FTIR assignments for BTDA/TMPDA based poly(imide siloxane)

copolymers

Frequency
(cm’1)

Assignment

3100 Aromatic protons (imide segments)

2960 Aliphaticprotons(siloxanesegments)

1780 Imide carbonyl stretch
1725 vibrations

1680 C=O stretch (benzophenone moiety)

1420 Aromatic C—C stretching

1260 Si-C Stretch vibration

1096 Si—O Stretch vibration
1028

725 Imide band
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Figure 4.6.2.2. Proton NMR Spectrum of a BTDA/TMPDA based
po1y(imide Siloxane) copolymer with 20 weight
percent Siloxane incorporation. (PSX: Mn
= 2,465 g/mole).
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found in the copolymer. The integration values for the peaks

due to the siloxane methyls and other polylmide protons were

rationed using the relation:

[I(A) X M(A)]/N(A) x 100 = %A
—Tf'ZÄ7'X“1VRÄ7l7'r~T(Ä$°'¥'T1T§7“X'N¤Y§Tl7'üT§T'

where I(n) ls the integrated intensity of the peak due to

component n, M(n) is the repeat unit molecular weight of the

component n, and N(n) is the number of protons giving rise to

peak n. Table 4.6.2.2 shows the determined weight percent of

the siloxane incorporated into the polyimide copolymer

compared to the theoretical weight percent siloxane that

should have been incorporated for a series of poly(imlde

siloxane) copolymers. The polyimide copolymer with a

theoretical weight percent siloxane incorporation of 20 was

found to have 18.8 weight percent siloxane determined by the

proton NMR method described above. This was in close

agreement with the theoretical value indicating that siloxane

was successfully incorporated into the copolymer backbone.

4.7 Qharagtgrization of po1y(imide siloxane) copolymers

4.7.1 Intrinsic viscosities _agg___g1ggg__ transltiog
tggperatgrgg

A series of high molecular weight poly(lmide siloxane)

copolymers was synthesized using the BTDA dianhydrlde and the

TMPDA diamine along with aminopropyl terminated polydimethyl

siloxane ollgomers. The relative molecular weight of the

copolymers was determined via the intrinsic viscosity values
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Table 4.6.2.2

Amount of polydimethyl siloxane incorporated into polyimide

copolymers determined by Proton NMR

Polyimide system theoretical wt % wt % PSX found

BTDAITMPDA/10% PSX 10% 9.3%

BTDA/TMPDA/15% PXS 15% 14.5%

BTDA/TMPDA/20% PXS 20% 18.8%
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in NMP at 25°C. The intrinsic viscosities and glass

transition temperatures of the homopolymer and siloxane

modified copolymers are listed in Table 4.7.1.1. The high

values of the intrinsic viscosities indicate that high

molecular weight copolymers were formed. Thin, creasable

transparent films were obtained for each polyimlde sample,

farther evidence that high molecular weight copolymers were

formed.

The glass transition temperatures of this series of

polyimides were determined by dynamic mechanical thermal

analysis (DMTA) instead of dlfferential scanning calorimetry

(DSC) because no endothermic peaks were observed in the DSC

scans. The homopolymer based on BTDA and TMPDA had a glass

transition temperature of 439°C determlned by the tan delta

damping peak. The copolymer with 20 weight percent

polydimethyl siloxane had an upper glass transition

temperature of 414°C. The two tan delta damping peaks of the

homopolymer and 20 weight percent siloxane modified copolymer

are compared in Figure 4.7.1.1. The upper glass transition

temperatures of the slloxane modified polyimldes were only

slightly depressed relative to the homopolymer control,

indirectly indicating that a microphase separation between

the "soft' siloxane segment and "hard" polyimide segment was

achieved. However, the upper glass transition temperatures

were dependent upon the amount of siloxane oligomers

incorporated indicating a partial phase mixing had occurred.



200

Table 4.7.1.1

Intrinsic Viscosities and Glass Transition Temperatures for

the BTDA and TMPDA based po1y(imlde siloxane) Copolymers

Polyimide System [72] (dl/g) Tg‘(°C) by DM'1‘A

BTDA/TMPDA 0.50 439

BTDAITMPDA/PSX (10%) 0.40 436

BTDAITMPDA/PSX (15%) 0.53 420

BTDA/TMPDAIPSX (20%) 0.60 414

Note: intrinsic viscosities measured in NMP at 25°C
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4 · 7 · 3 £2iX‘2s£-§2l2Eili£z
The solubility of the siloxane modified p0ly(imide

siloxane) copolymers was determined by dlssolving the

polyimide copolymer in the appropriate solvent at room

temperature to yield a 10 weight percent solution. The

solubility of the series of polylmides is shown in Table

4.7.2.1. All the solution imidized polyimides were soluble

in the dipolar aprotic solvent and the low boillng solvent

methylene chloride. There was no observable difference in the

solubilities of the copolymers compared to the homopolymer.

However, it was previously reported that lncorporating

siloxane at different weight percentages could enhance the

solubillty of the copolymer in a variety of solvents depending

on the weight percent siloxane incorporated (140-143). After

thin films of the siloxane modified polyimides were heated to

soo°c for approximately 15 minutes, the once soluble

polyimides were rendered insoluble due to a thermal

crossllnking reaction that occurred at the elevated

temperatures.

4 · " · 3 E§£E2;9.x1é2£i!2.§£2Bii1£!
Thermogravimetric analysis (TGA) was used to measure the

thermo—oxidative stability of thin po1y(imide siloxane) films

in an air environment at a heating rate of 10°C per minute.

Since both polyimides and polyorganosiloxanes are known for

their excellent thermal stabllities, it was expected that the
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Table 4.7,2,1

Solubilities of PoIy(lmide siloxane) Copolymers based on BTDA

and TMPDA

Solvents

Polyimide System NMP DMAc THF CHZCI2 ¢C1 Tol

BTDA/TMPDA S S IS S IS IS

BTDA/TMPDA/10% PSX S S IS S IS IS

BTDA/TMPDA/15% PSX S S IS S IS IS

BTDA/TMPDA/20% PSX S S IS S IS IS

NMP = N—Methy1 Pyrrolidinone THF = Tetrahydrofuran

Tol = Toluene CH2C12 = Methylene Chloride

¢Cl = Chlorobenzene DMAc = Dimethyl Acetamide

S = Easily Soluble MS = Marginally Soluble IS = Insoluble
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copolymers formed by the combination of the two would form

soluble poly(imlde siloxane) copolymers with excellent thermal

stabllities. Thermogravimetrlc analysis weight loss curves

for the various poly(imide siloxane) copolymers are compared

in Figure 4.7.3.1. The samples maintained good thermal

stabilitles even at the 20 weight percent siloxane content.

The char yields left at the high temperatures were found to

be proportional to siloxane content, due to the sillcate—type

of product obtained as a degradation product of the siloxane

in the air environment.

4 · 7 -4 §Pi..§2s£2ss..4¤.2122!2.
Many siloxane block modified segmented copolymers have

been studied in the past due to their novel surface

properties. Some of the copolymers studied include

poly(styrene siloxane) (150), poly(ester siloxane) (151),

poly(urethane siloxane) (152), poly(carbonate siloxane)

(153,154), poly(sulf0ne siloxanes) (151), and poly(lmide

siloxane) (140-143). X-ray·photoelectron spectroscopy studies

determlned that the surface compositions of these copolymers

were dominated by siloxane, even at low amounts of siloxane

incorporatlon. The low free energy of the siloxane provides

a thermodynamic driving force for migration of the siloxane

to the air interface. Since the surfaces were predominately

slloxane, the surface properties of these copolymers closely

matched those of the siloxane, while the bulk properties
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largely remained those of the "hard" polyimide segment of the

copolymer.

Poly(imide siloxane) copolymers have been extensively

studied (140-143,148,149). At low amounts of siloxane

incorporation it was found that the copolymers possessed the

mechanical strength and thermal stabllity of the homopolymer,

but the surface properties were modified by the siloxane

domination. The hydrophobic siloxane surface was found to

decrease the amount of moisture uptake of the copolymer when

immersed in distilled water at room temperature (141).

Electrical properties such as the dielectric constant are

greatly dependent on the amount of moisture absorbed by the

polymer. Therefore, by incorporating small amounts of

siloxane into the polyimide backbone, the amount of moisture

absorbed by the polymer can be decreased, desirably affecting

the dielectric constant of the copolymer. Another benefit of

having a siloxane rich surface was found to be oxygen plasma

etch resistance (141). Siloxane has been reported to be

remarkably stable to atomic oxygen degradation (155,156,157).

Poly(imide siloxane) copolymers have also demonstrated

increase oxygen resistance in an oxygen plasma environment

(141). XPS studies showed that the surface siloxane can react

with oxygen to form an inorganic silicate ceramic like layer

when exposed to oxygen plasmas, thus protecting the underlying

substrates from further oxidative degradation (141). Oxygen

plasma etch resistance of photoresists is important in the
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microelectronlc industry. Plasma etching techniques are often

employed to transfer the patterned form by the photoresist to

an underlying layer. Therefore, if the photoresist has

lncreased oxygen plasma resistance the ease of the pattern

transfer process can be increased due to the thinner films

required to act as an oxygen etch barrier.

For these reasons it was of interest to incorporate small

amounts of siloxane oligomers (up to 20 weight percent) into

the photocrosslinkable polyimides. X—ray photoelectron

spectroscopy was used to quantify the surface composition of

the siloxane modified polyimides. Two different depths of the

copolymers surface were sampled by varying the take-off angle.

A 15 degree grazing take—off angle analyzed atomic percents

of the elements present in the uppermost surface

(approximately 10 to 20 angstroms) rather than molecules from

the bulk. On the other hand, compositional information more

characteristic of the bulk of the copolymer was measured by

a 90 degree take-off angle (approximately 50 to 100

angstroms). Figure 4.7.4.1 shows a typical XPS wide scan

spectrum of a siloxane modified copolymer with 20 weight

percent siloxane content measured at a 90° take-off angle.

The results of the XPS studies conducted on the homo- and

copolymers at the different take-off angles are listed in

Table 4.7.4.1. The binding energy of each element is listed

in Table 4.7.4.2. The data indicates that the siloxane

component of the copolymer dominates the surface by the
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Table 4.7.4.1

XPS Surface Analysis of Siloxane Modified Polyimide Thin Films

(BTDA/TMPDA based)

Atomic percentages
Polyimide System take—off angle C O N Si

BTDA/TMPDA 90 76 17 7 ——

BTDA/TMPDA/10% PSX 90 76 17 2 5

BTDA/TMPDA/10% PSX 15 76 16 1 7

BTDA/TMPDA/20% PSX 90 48 33 2 17

BTDA/TMPDAl20% PSX 15 44 32 1 23
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Table 4.7.4.2

Binding Energies of Po1y(imlde Siloxane) Copolymers: XPS

Results (BTDA/TMPDA based)

Binding Energies (eV)
Polyimide System Take-off Angle C ls 01 s N 1s Si 2P

BTDA/TMPDA 90 285.0 532.5 400.4 ——

BTDA/TMPDA/10% PSX 90 285.0 532.6 400.6 102.2

BTDA/TMPDA/10% PSX 15 285.0 532.5 400.2 102.2

BTDA/TMPDA/20% PSX 90 285.0 532.7 400.6 102.5

BTDA/TMPDA/20% PSX 15 285.0 532.7 400.5 102.6
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increased atomlc percentage of silicon at the surface relative

to the bulk. The ten weight percent siloxane material showed

a reduced amount of siloxane content at the surface relative

to the 20 percent slloxane material. However, in the other

polyimide systems previously studied it was found that surface

composition was independent of the amount of siloxane

incorporated. Even polyimldes with low amounts of siloxane

incorporation (5 to 10 weight percent) possessed surfaces that

were as much as 85 percent siloxane (141).

During the course of the photosensitivity studies,

conducted at IBM, on the siloxane containing polyimides, it

was found that the polyimide copolymers containing siloxane

did not require an adhesion promoter to form unlformly thick

films, but the polylmide homo- and copolymers without any

siloxane incorporation required an adhesion promoter in order

to form good adhesion between the polyimide and the substrate.

Polyimide adhesion to silicon dioxide and bare silicon

surfaces is generally known to be rather poor (158).

Therefore, a surface pretreatment using K—amino—propyl-

triethoxysilane as an adhesion promotor is typically employed

before the polyimide is applied (159-162). Typically, the

organosilane coupling agents are applied by spin coating a 0.1

weight percent solution of the organosilane in water onto the

surface of the silicon or silicon dioxide just prior to spin

coating the polyimide or po1y(amic acid). The water

hydrolyzes the ethoxy groups on the organosilane to form
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silanol groups. The silanol groups on the coupling agents can

then condense with the silanol groups on the silicon or

silicon dioxlde substrate to form an aminopropyl arm that can

interact with the polyimide or poly(amic acid) to generate

better adhesion between the two substrates (159,161).

Silicone-polylmide copolymers have been developed for

integrated circuit applications and are claimed to require no

adhesion promotor to surfaces such as silicon, silicon dioxide

and silicon nltride since the silicon moiety serves to bind

the polymer to the substrate (163-166). Commerclally

available siloxane polyimides are now available from companies

such as General Electric, Hitachi, and M&T chemicals. These

polymers are based on only the slloxane dimer instead of

oligomers and therefore may suffer from problems such as a

decreased glass transition temperatures and thermal

stabilities.

Since the photosensltive poly(imlde siloxanes) required

no coupling agent to form good adhesion between the polyimide

copolymer and the substrate, it was of interest to evaluate

the surface properties of the siloxane modified copolymers at

the silicon dioxide polymer interface. Thin films of the

copolymers were analyzed by XPS on the glass side of the films

after they were gently peeled from the glass surface using a

razor blade. Two different depths of the copolymers were

sampled by varying the electron take—off angle. The results

of the studies conducted on the homo- and copolymers at the
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different take—off angles are listed in Table 4.7.4.3. The

binding energy for each element of the polylmides is listed

in Table 4.7.4.4. The data indlcates that the slloxane

component of the copolymer ls also dominant at the glass

surface compared to the bulk of the film indicated by the

lncreased atomic percentage of silicon at the surface.

Therefore, the increased adhesion might be due to dipolar or

acid base lnteractions of the slloxane with the silicon or

silicon dloxide surface due to the similarlties in their

chemical nature.

4.7.5 Photosgngitive Prgpgrtigs

A series of poly(lmlde slloxane) copolymers was

syntheslzed in order to lncorporate many of the beneficial

properties of the slloxane polymer to the polyimide such as

reduced„molsture absorption and oxygen plasma etch resistance.

Only copolymers consisting of up to 20 weight percent slloxane

were synthesized in order to optlmize the thermal, mechanleal

and photosensitlve properties of the polylmides.

Since polydimethyl siloxane does not absorb UV light at

the 313nm and 365nm wavelength the optical densities of the

siloxane modified copolymers decreased with lncreasing

siloxane content. Table 4.7.5.1 shows the optical denslties

of the copolymers at 313nm and 365nm for increasing siloxane

content. The homopolymer based on BTDA and TMPDA has an

optical denslty of 1.58yL1m at 313nm and 0.14Lu_m at 365nm.
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Table 4.7.4.3

XPS Surface Analysis of Siloxane Modified Polyimide Thin Films

on the glass side (BTDA/TMPDA based)

Atomic percentages

Polyimide System Take—off Angle C O N Si

BTDA/TMDA 90 76 17 7 -—

BTDA/TMPDA/10% psx 90 78 15 s 4

BTDA/TMPDA/10% psx 15 76 15 2 7

BTDA/TMPDA/20% PSX 90 67 21 4 7

BTDAITMPDA/20% PSX 15 60 24 2 14
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Table 4.7.4.4

Binding Energies of Poly(imide Siloxane) Cepolymersz XPS

results on glass side (BTDA/TMPDA based)

Binding Energies (eV)
Polyimide System Take—off Angle C 1s 0 1s N ls Si 2P

BTDA/TMPDA 90 285.0 532.6 400.5 —-

BTDA/TMPDA/10% PSX 90 285.0 532.6 400.3 102.1

BTDA/TMPDA/10% PSX 15 285.0 532.4 400.3 102.2

BTDA/TMPDA/20% PSX 90 285.0 532.3 400.4 101.9

BTDA/TMPDA/20% PSX 15 285.0 532.6 400.6 102.4
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Table 4.7.5.1

Optical Denisities of BTDA/TMPDA based Po1y(imide siloxane)

copolymers

Wavelength

Polyimide System 313nm 365nm

BTDA/TMPDA 1.580/Mm 0.138/Mm

BTDA/TMPDA/10% PSX 1.400/Am 0.121/Mm

BTDAITMPDA/15% PSX 1.340/,c<.m 0.112/Mm

BTDA/TMPDA/20% PSX 1.060/,o(_m 0.106//Lm

Optical Density = the UV absorbance per one micron thick film.
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The copolymer with 20 weight percent polydimethyl siloxane

lncorporation has an optical density of 1.06/ m at 313nm and

0.106/ m at 365nm.

The photosensltive properties of the poly(lmide siloxane)

copolymers are summarlzed in Table 4.7.5.2. The homopolymer

based on BTDA and TMDA had a gel dose, Dg, of 36.1 mJ/cm2 and

a Dl of 188 mJ/cmz. The copolymer with 20 weight percent

polydimethyl siloxane had a comparable Dg of 30.2 mJ/cmz and

a reduced Di of 111 mJ/cmz. Since the Di of the polymer was

reduced for the slloxane containing material the contrast

lncreased to 1.68 compared to 1.33 for the homopolymer. The

high Dg and Di values for the copolymer containing 10 weight

percent siloxane were due to the low molecular weight of the

material indicated by the low intrinslc vlscosity value of 0.4

dl/g in NMP at 25°C.

Due to the higher contrast value and lower density of the

20 weight percent polydimethyl siloxane copolymer, thicker

films were able to be crosslinked at lower exposure doses

compared to the homopolymer. The working energy, or the

energy required to make a given polymer thickness totally

insoluble, Di, was plotted as a function of film thickness for

the 20 weight percent siloxane copolyimide in Figure 4.7.5.1.

A film thlckness of 7.0 microns was crosslinked at an exposure

dose of 410 mJ/cm2 at 365nm.
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Exposure Energy Requlred to Make • Fllm Totally Insoluble
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Figure 4.7.5.1. Working energy required to crosslink various
film thickness of a 20 weight percent
siloxane modified polyimide copolymer
(BTDA/TMPDA based).
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4.8 FT;IR study of_thg_g§tggt_g£_photocrossllnking

The extent of the photocrossllnking reaction was

monitored by FT-IR using the C=O stretching band at 1678

cm'1 due to the benzophenone moiety in the polyimide backbone.

A one micron thlck film of the homopolymer based on BTDA and

TMPDA was spin coated from NMP onto a KBr salt plate and

heated on a hot plate at 125°C for 15 minutes to drive off the

solvent. Figure 4.8.1 shows the FTIR spectrum of the

homopolymer based on BTDA and TMWDA before lt was exposed to

UV light. Table 4.8.1 shows the asslgnments of important IR

bands for this homopolymer.

During the crosslinking reaction this band should

decrease since the benzophenone 1,2—diradical formed during

UV irradlation undergoes a hydrogen abstraction reaction to

form a hydroxyl group instead of the ketone, therefore a broad

band at 3600-3300 cm'1 should appear due to an increase in

hydroxyl group formation. However, after a 220 mJ/cmz

exposure dose of UV light at the 365nm wavelength there was

no notlceable change in the IR spectrum of the polyimide, but

the film was rendered totally insoluble. This indicates that

the extent of photocrosslinking is too low to be detected by

FT—IR but large enough to render the polymer insoluble. After

a 440 mJlcm2 exposure dose of UV light is given to the

polyimide sample (double the exposure dose required to make

a one micron thick film totally insoluble), a slight decrease

in the intensity of the peak at 1678
cm”1

was found, but no
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Table 4.8.1

FTIR Asslgnments for a BTDA/TMPDA based polyimide homopolyer

Frequency (cm°1) Assignments

2970 C-H stretch (methyl
substituents)

1778 Imide carbonyl
1725 stretch vibrations

1678 C=O stretch (benzophenone
moiety)

1370 imide band

726 imide band
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noticeable peak due to the hydroxyl groups was formed (see

Figure 4.8.2).

After an exposure dose of 2,640 mJ/cmz was given to the

polyimide film (ten times the exposure dose required to make

a one micron thlck film totally insoluble), a further decrease

in the 1678 cm'1 IR band can be seen and perhaps a slight

indlcatlon of a broad band from 3600
cm”1

to 3300
cm“1

can be

seen (see Figure 4.8.3). However, it ie not until an exposure

dose of 12,540 mJ/cmz (almost 60 times the exposure dose

required to make the film totally insoluble) that the 1678

cm—1 IR band at 3600
cm”1

to 3300
cm”1

is formed (see Figure

4.8.4).

This series of IR spectra indicate that the extent of

photocrosslinking required to make a photocrosslinkable

polyimide insoluble is too low to be revealed by FT-IR. It

ls not until large excesses in exposure dose are given to the

film that the extent of reaction is large enough to be seen

by changes in the FT—lR spectra.
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The major objectives of the research described in this

dissertation were to synthesize high glass transition

temperature, high molecular weight, photocrosslinkable

polylmide and poly(imide siloxane) homo- and copolymers, and

to study the effects of chemical structure on the

photosensitive polymers obtained. Homo- and copolymers were

prepared through the reaction of various aromatic dianhydrides

with aromatic diamines in dipolar aprotic solvents to yield

high molecular weight poly(amic acid) prepolymers. Siloxane

modified copolymers were synthesized by reacting aromatic

anhydrides with aminopropyl terminated polydimethylsiloxane

ollgomers and aromatlc dlamines in a cosolvent system

consisting of a dipolar aprotic solvent and an ether solvent

to achieve a homogeneous solution and a high molecular weight

poly(amic acid siloxane) prepolymer. The best procedure

employed to achieve a homogeneous solution and high molecular

weight prepolymer was to "cap" the siloxane oligomer with

excess dianhydride prior to the addition of the aromatic

diamine.

Polyimides were subsequently prepared from the poly(amic

acid) prepolymers through a thermal cyclodehydration

procedure. Soluble fully imidlzed polymers were obtained

using a solution imidizatlon process employing a cosolvent

system of 80 volume percent NMP and 20 volume percent CHP in

the temperature range of 160-l70°C. The NM was used to

227
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solvate the polymer while the CHP was responsible for removal

of the water of imidization from the reaction to prevent

hydrolysis of the poly(amlc acid) and to drive the reaction

to completion. A second type of imidization was used in order

to compare cyclodehydration products. The well known

technique of heating solution cast films to high temperatures

was followed. Temperatures of 300°C were used to insure that

quantitative ring closure was achieved. All polyimides formed

by this method were rendered totally insoluble in all solvents

tried.

Various techniques were employed to characterize the

polyimides in order to determine the effects of changing the

chemical structure on the properties of the polyimides.

Polymer solubilities increased when the methyl substituted

diamines were incorporated into the polymer backbone. Thermal

properties such as glass transitlon temperature and thermo-

oxidative stability also increased with increased methyl

substituted diamine incorporation into the homo- and

copolymers.

The adhesion of the siloxane modified copolymers to

silicon or silicon dioxide substrates was greatly enhanced

compared to the polyimide homo- and copolymers without

siloxane incorporation. The poly(imide siloxane) copolymers

did not require an adhesion promotor pretreatment prior to

spin coating the polyimide onto the silicon or silicon dloxide

wafers while the polyimide homo- and copolymers without
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siloxane always required a surface pretreatment to enhance

adhesion.

The photosensitive properties of the polyimide systems

were found to be greatly dependent on wavelength of exposure

and chemical structure of the polyimides. The

photocrosslinking reaction was found to be more efficient at

313nm than at 365nm. However, the optical density is higher

for the polyimides at 313nm and therefore, thick films could

not be crossllnked at the 313nm. The more methyl substituents

lncorporated into the polymer backbone the more photosensitive

the polyimide formed.

Incorporation.of polydimethyl siloxane cligomers into the

polyimide backbone was found to decrease the optical density

at both 313nm and 365nm. However, the photosensltivity of the

copolymers was not decreased. Therefore, a higher contrast

value was obtained and thlcker films were able to be

crosslinked at lower exposure doses for the siloxane modified

polyimides.

The photosensitive properties were also found to be

dependent on the amount of aromatic ketone groups incorporated

into the polymers backbone. Increased aromatic ketone

concentration lncreased the optical density of the materials,

however, it did not increase the photosensitivities. The

photosensitivity decreased with increasing ketone

concentration because the amount of methyl substituents was

decreased when increased diketone diamlne was incorporated.
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When decreasing the amount of aromatic ketone incorporation

by using a second dianhydride, the optical density of the

copolymers decreased significantly· without decreasing the

photosensitive properties of the polyimlde copolymers. This

caused a higher contrast value for the polyimides with

decreased ketone concentration and allowed much thicker films

to be photocrosslinked. After the ketone concentration was

decreased by 50 percent, the optical density decreased enough

at 313nm to allow exposure at this wavelength. The

photosensitivities of the polymers increased 'by· almost a

factor of ten for the eopolymer with decreased ketone

concentration when exposed at 313nm.
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