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ELECTRICAL PROPERTIES OF POLYIMIDES 

MODIFIED WITH METAL SALTS 

by 

James David Rancourt 

(ABSTRACT ) 

Polyimides, due to their high thermal stability, excellent chemical 

Stability, useful mechanical properties, and extremely high electrical 

resistivity, are utilized in aerospace, electronic, and specialty 

consumer markets. However, in some applications, lower electrical 

resistivity is preferable. Toward this goal, polyimide films have been 

modified with metal salts and metal complexes. Depending upon 

processing conditions, the films contain ionic species uniformly 

distributed throughout their bulk, or are highly anisotropic structures 

containing near-surface metal or metal oxide. 

Evaluation of solvent cast films by a variety of analytical 

techniques has been used to develop structure-property-process 

correlations in cobalt chloride modified polyimides. To date, no 

interaction between the additive and the matrix has been indicated by 

ultraviolet, visible, or infrared spectroscopy, though by differential 

scanning calorimetry and a specialized thermogravimetry technique, some 

interaction is implied. Elemental analysis has verified that polyimides 

having a metal oxide surface also have residual bulk metal ion content. 

A major controller of the bulk resistivity of metal ion modified 

polyimide films was found to be the polymer glass transition 

temperature; a lower glass transition temperature resulted in lower 

electrical resistivity at a particular temperature.



Central to this research work was the design and construction of a 

sensitive and reliable electrical resistivity measurement system. The 

system was also found useful for probing polymer contamination and 

molecular motion. Further, the electrical measurements indicated that 

uniformity between samples was poor. Modification of an inert gas oven, 

allowing processing in controlled atmosphere, proved that film surface 

conductivity is critically influenced by humidity. A model has been 

proposed that supports both the d.c. electrical properties and surface 

spectroscopic data. The model and details in the ceramic literature 

were the primary factors in pursuing a specific codoped polyimide 

system. With the codoped system, the electrical resistivity and 

activation energy for conduction, compared with either of the singly 

doped polyimide films, were predictably and favorably reduced.
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CHAPTER I 

INTRODUCTION 

There is great interest in obtaining insulating materials having a 

surface layer of metal. Some uses for these materials are for 

decorative and protective purposes, while others are intended for 

conductive, optical, resistive, magnetic, insulating, semiconducting, 

and even superconducting films for microelectronic applications [1]. 

The purpose of this research was to create surface conductive and 

volume conductive polymeric films stable at high temperature for 

aerospace and electronic applications. Surface conductive films were 

obtained by the migration of metal salts and the thermooxidative 

conversion to near surface metal oxide deposits during the thermal 

imidization (cyclodehydration) of the solvent cast metal 

chloride/poly(amide acid) solutions. The metal ion modified polyimide 

films were characterized to obtain structure-property-process 

relationships. 

A thin film, typically only a few atoms to a few thousand atoms 

thick, is microscopic in this dimension, but is macroscopic in the other 

two dimensions [2]. In general, thin films have properties different 

from the bulk material. For example, thin films usually have higher 

resistivity than bulk material of similar chemical composition due to 

common thin film depositional anomalies: 1) dislocations formed by 

stresses during film deposition and 2) strains due to mismatch of 

thermal expansion coefficient between the substrate and the deposited 

film.



The field of interfaces and thin films, two very interrelated 

concepts, is considered ripe for discoveries and applications [2]. Thin 

films provide a system for which basic relationships between macroscopic 

properties such as electrical conductivity and thermal conductivity and 

fundamental atomic structure may be obtained. Further, advantage can be 

taken of the fact that some phenomena, especially quantum behavior, 

appear only in small systems. Furthermore, reactivity, structure, and 

properties of matter are usually very different between interfaces or 

within a thin film than in bulk because of the interactions between the 

thin film atoms and their nearest neighbors (substrate) of different 

chemical composition. The desirable properties of thin films include 

adherence to the substrate, uniform thickness, impermeability, absence 

of pinholes, chemical inertness, and thermal stability. 

An example of a complex arrangement of thin films and interfaces is 

shown in Figure 1. This advanced bipolar device as shown is composed of 

eleven materials of different chemical composition and over a dozen 

chemically distinct interfaces that can be identified (Table 1). With 

such complex structures, complex in terms of both chemical composition .- 

and spatial distribution of each chemical species, it is expected that a 

large variety of surface sensitive techniques are required to evaluate 

these thin film systems. Analytical techniques range from detection of 

individual atomic positions on surfaces (scanning tunneling microscopy 

[3] and low angle X-ray scattering) to information concerning structure, 

composition, and morphology of systems (electron microscopy) or even the 

evaluation of molecular fragments removed from an interface (secondary 

jon mass spectroscopy).



  

Interfaces play key role in electronics such as this 
advanced bipolar device 
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Figure 1, An Example of the Chemical Compositions and the Large Number 
of Interfaces Utilized Within an Electronic Device [2].



Table I. Interfaces Produced Within An Advanced Bipolar Device [2]. 

  

Deposited Material Substrate 
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Al - 4% Cu ST3Nq 

Al - 4% Cu Cr-Cr 0, 

Al = 4% Cu PtSi 

Thermal 310, S73Nq 

Thermal S10, PtSi 

Therma] 510, Cr-Cr 0, 

Therma] 310, Silicon  



Two common deposition techniques, cathodic and anodic 

electrochemical deposition, are not generally applied to polymers 

because the insulating nature of polymers preclude their use as 

electrodes. On the other hand, electroless deposition can be applied to 

virtually any substrate, including metals, plastics, and ceramics [4]. 

Electroless plating, also referred to as autocatalytic plating and 

chemical plating, is a process that requires no electrodes and no 

external power supply. Instead, a metal salt (usually of nickel, 

palladium, or gold) and a reducer (e.g., sodium hypophosphite, 

formaldehyde, sodium borohydride, amine-boranes) react in the presence 

of a catalyst [5]. Since the deposited metal surface may serve as a 

catalyst, continued buildup of metal is ensured. The electroless 

plating technique is very popular in the electronics industry because it 

allows plating in preselected areas and inside tiny holes. It is used 

in applications such as printed circuit board patterning, connector 

contacts, semiconductor devices, and ceramic-metal integrated circuit 

packages, among others. 

Vacuum deposition of films is a second major technology for 

producing thin metal and metal oxide coatings on substrates. This 

technique is a simple, economical, and efficient direct thin film 

deposition technique. For example, thin aluminum oxide, silicon oxide, 

and magnesium fluoride coatings deposited on aircraft instrumentation 

reduce unwanted reflections while other coatings can be used to control 

thermal emission and solar absorbency to regulate satellite temperature. 

The evaporation materials generally used are inorganic oxides, halides, 

sulfides, selenides, and tellurides. Thin film resistors have been



prepared by the deposition of nickel-chrome alloys, rhenium, nickel, and 

titanium; dielectric coatings have been prepared with silicon monoxide, 

and conductive coatings have been prepared with aluminum, silver, and 

copper, among others, on substrates such as silica, beryllia, and 

alumina. The vacuum deposition technique is, however, a line-of-sight 

deposition process. 

Ion plating, a technique whereby the part to be plated is poled at 

several thousand volts with respect to the plasma, is not limited to 

line-of-sight deposition. It is said to have good throwing power which 

results in excellent adhesion (due to partial ion implantation), no 

necessity to rotate parts to obtain uniform coatings, and no buildup of 

coating on corners. However, the technique is expensive and the high 

throwing power makes it difficult to mask parts. 

Sputtering is an old process whereby material is removed from the 

cathode (source or target), carried by a plasma, and is deposited on the 

anode (substrate). It was once referred to as cathode disintegration 

and was used in the 1800's to produce mirrors. More recently, the 

technique has been used in audio recording applications whereby an 

insulating wax master disk is made conductive by sputtering gold upon 

it. This allows for replication of the record surface by copper electro 

forming. Compared with vacuum evaporation processes, sputtering offers 

more uniform sheet resistivity, improved temperature coefficient of 

resistance, and permits deposition of complex metal alloys and oxides. 

However, sputtering deposition is slower, more energy intensive (90% of 

the energy lost as heat), and the production equipment is more expensive 

than that used in vacuum deposition of films.



Thin film research and development is a research area that is 

currently well-funded. A $1.7 million, 3500 square foot facility was 

built at Los Alamos National Laboratory, the Ion Beam Materials Research 

and Technology Laboratory [6]. The ion beam implanter and 3-MeV 

accelerator will be used to implant ions of almost any element in the 

top few atomic layers of a substrate to make novel semiconductors with 

tailored electrical properties or to probe the surface structure of the 

substrate. 

The electronic and optical properties of ultra thin polymer films 

will be studied at the newly established Polymer Microdevice Laboratory 

at Case Western Reserve University [7]. Electronic, optical, and 

mechanical testing, and computer controlled fabrication of materials to 

be used for aerospace surveillance and communication and eventually for 

chemical, pressure, and temperature sensors are funded by the Defense 

Advanced Projects Agency and the United States Office of Naval Research. 

A cooperative research program funded at $3.5 million by the 

Strategic Defense Initiative is aimed at improving the ability of 

optical coatings in defensive systems to survive intense laser 

radiation, corrosive gases, X-rays, energetic electrons, and other 

hostile challenges [8]. The basic physical and chemical mechanisms of 

coating damage are being studied at Los Alamos Laboratory ($2.0 

million). Novel coating techniques are being evaluated by the Air Force 

Weapons Lab in Albuquerque ($1.0 million) with technical support from 

industry and the Naval Weapons Center at China Lake, California.



CHAPTER I1 

HISTORICAL 

Polyimides having useful mechanical properties over a wide 

temperature range [9] are found in extensive applications as specialty 

engineering materials because of their favorable properties such as 

radiation resistance, hydrolytic and thermooxidative stability, low 

crystallinity, and extremely high electrical resistivity [10]. Although 

the unusually high thermal stability of polyimides is attractive, it 

indirectly results in materials that are often insoluble and soften only 

at very high temperature and are therefore extremely difficult to 

fabricate. 

Despite this difficulty of processing, polyimides are commercially 

available as films, wire coating enamels, molding materials, laminating 

resins, and adhesives with development of foams, fibers, and elastomers 

in progress [11]. It is natural, however, with the expense of high 

temperature processing and the environmental impact of processing with 

solvents, to try to obtain solventless polyimide systems that soften at 

lower temperatures. A substantial research effort has been ongoing 

Since the late 1960's to obtain polyimides that are thermally stable and 

yet can be processed at or below 225 °C [12]. 

Polyamide-imides, obtained by the condensation reaction between a 

diamine and an anhydride acid chloride [13], a series of diamines 

(prepared from the reaction of various aliphatic aldehydes with aniline) 

condensed with pyromellitic dianhydride (PMDA) and 3,3',4,4'-benzo- 

phenone tetracarboxylic acid dianhydride (BTDA) [14], and a variety of



diamines reacted with BIDA [15] have been evaluated. A variety of 

substituted benzenediamines reacted with PMDA [16], a large sequence of 

diisocyanates reacted with BTDA and PMDA [17], and polyimides containing 

flexibilizing oxyethylene units of various lengths [18] were prepared. 

Aromatic diamines with flexibilizing linkages reacted with PMDA and BIDA 

[19], and isomeric diamines with PMDA and BIDA [12] have also been 

studied and reported. The recurring observations are that flexibilizing 

linkages lower the polymer glass transition temperature, but also lower 

the thermal stability of the polymer. Structural variation of the 

dianhydride influences glass transition temperature more than similar 

variations of the diamine, whereas the opposite is true for thermal 

stability. An interesting alternative approach to polyimides is the use 

of acetylene terminated polyisoimide oligomers which, upon heating 

(solventless at moderately low temperatures), increase in molecular 

weight and convert from the kinked isoimide to the more linear imide 

structure with high glass transition temperature [20]. Thus, a 

substantial amount of structure-property relationships has been 

determined for polyimide systems. 

Considerable research efforts in polymer modification exist with 

general goals being the improvement of current technological materials 

and the invention of new materials with a unique combination of 

properties. The modification of polymers with plasticizers, flame 

retardants, antitoxidants, pigments, and fillers, for example, renders 

commercially available polymers more flexible, more thermally stable, 

more tolerant of the environment, more aesthetic, and less expensive 

than they would otherwise be. It is also of technological interest to
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modify polymers with metals and chemical dopants to change the host 

polymer glass transition temperature, density, vapor sorption 

characteristics, and heat transfer characteristics. 

The properties of polyimides have been modified by many techniques. 

Modification of conventional polyimides with siloxane to produce 

materials having superior adhesion to microelectronic devices and 

resistance to moisture [21] and radiation [22], reaction of dianhydride 

with an excess of diisocyanate to yield a polyimide useful as an 

adhesive for rubber [23], and modification with dispersed metals [24], 

metal salts, and metal complexes [25-29] to produce materials having 

unique combinations of electrical and mechanical properties are several 

examples. In so far as electrical properties are concerned, there is 

interest in materials having very low conductivity for applications such 

as electret microphones, capacitors, and capacitive memory elements. 

But materials of intermediate conductivity are of interest in flexible 

heating element and graded cable insulation applications. And, of 

course, there is interest in high conductivity materials for power and 

Signal transmission. 

There are generally two approaches, each with several variations, 

to obtaining metal containing polymers. The first approach involves the 

direct bonding of metal and polymer. For example, polymers that have an 

ionic group covalently bonded to the main polymer chain can be 

neutralized by a metallic counterion. Such polymers (Figure 2) have 

been named "ionomers" and are mainly a-olefin copolymers [30]. 

Alternatively, various metallic species can be directly incorporated
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into the polymer backbone. These materials, organometallic polymers, 

been well-investigated and continue to be an active area of research. 

Although many physical properties of both the ionomers and the 

organometallic polymers are different from the non-neutralized or the 

completely organic polymer, there is no increase in electrical 

conductivity by the permanent bonding of metal species within these 

polymeric hosts. 

The second general approach to obtaining metal containing polymers 

involves the direct addition of metallic species. Heterogeneous doping 

of polymers with metallic particles, fibers, or flakes can be used to 

obtain conductive polymers. Further, depending upon the physical 

properties of the polymer, one can formulate useful pressure sensitive 

resistors [31]. Polymers have also been homogeneously doped with great 

success. The most prominent example is, perhaps, the enhancement of 

electrical conduction in polyacetylenes and other highly conjugated 

systems upon doping [32,33]. 

The intentional modification of the electrical properties of 

polyimides has been pursued since 1959. Endrey [24] was able to prepare 

tough, flexible, and opaque electrically conductive materials that had a 

surface deposit of silver metal by doping polyamic acid solutions with 

silver acetate and subsequently curing the solvent cast film to over 

300° C. Angelo [34] was able to reduce the volume resistivity of 

polyimides six orders of magnitude by the transformation of 

bis(acetylacetonato)copper(II) to copper particles within the matrix. 

It was shown by Russian scientists that palladium(II) hydroxide or 

copper(II) formate could be used to obtain a palladium metallic surface
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or copper metal particles, respectively, in polyimides derived from 

pyromellitic dianhydride and 2,2'-bis(3-amino-4-hydroxyphenyl) propane or 

4,4'-diaminophenyl ether [35]. 

The thermal stability of the polyimide derived from oxydianiline 

and tricyclodecene tetracarboxylic acid dianhydride was increased by 

incorporation of cobalt acetate or zinc acetate but decreased by 

incorporation of copper acetate [36]. 

The electrical resistivity of polyimides has been lowered by 

incorporation of palladium salts and complexes. Lithium 

tetrachloropalladate and bis(dimethylsulfide)dichloropal ladium reduced 

the bulk resistivity from 1918 ohm cm to less than 1919 ohm cm [37]. 

The surface resistivity was reduced to less than 10° ohm. X-ray 

photoelectron spectroscopy indicated that the surface of the 

bis(dimethylsulfide)dichloropalladium modified polyimides contained 

palladium in the metallic state [38]. 

The formation of conductive films by ion beam induced decomposition 

of metal compounds on polyimide substrates has also been reported [39]. 

Thin films of palladium acetate, palladium chloride, or palladium 

bromide on polyimide after irradiation with H’, Ho Set, tet, Ne’, 

Ar’, kr’, or Xe” in the energy range 35 KeV to 2 MeV, impart a metallic 

appearance to the polyimide surface that has a resistivity of between 13 

and 10° ohm. 

Polyimides have also been modified with tin compounds. Polyimides 

containing tin in the polyimide main chain: dibutyl tin bis(p-amino- 

benzoate)-m-phenylene diamine-pyromelletic dianhydride copolymer and 

dibutyl tin bis(p-aminobenzoate)-p-phenylene diamine-pyromelletic
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dianhydride copolymer have been synthesized [40,41]. The solubility of 

the para-meta copolymer was greater than the solubility of the para-para 

copolymer. Increasing the tin content resulted in increased solubility, 

decreased viscosity, decreased glass transition temperature, and 

decreased thermal stability for each copolymer. 

Polyimides doped with tin additives have been described 

[26,27,42,43]. Using the additives SnC1,°2H,0 or bis(n-butyl)tin(II) 

chloride reduced the polyimide surface resistivity 8-11 orders of 

magnitude. The softening temperature was slightly increased and the 

thermal stability was slightly decreased for these samples [27]. The 

surface of these films contained tin(IV) oxide if thermal imidization 

was performed in air. This surface decreased in resistivity twofold if 

subsequently irradiated with an ultraviolet argon lamp. Compositions 

resulting in surface formation of tin(IV) oxide are useful because of 

the low bulk resistivity of tin oxide and its optical transparency. For 

example, gas sensors [44] and windows with superior thermal insulating 

and optical qualities [45,46] have been prepared by the hydrolysis of 

tin chloride to tin oxide on an appropriate substrate. 

A polyimide film having superior antistatic properties was prepared 

by the incorporation of 1-10 wt% lithium chloride or lithium nitrate and 

reported by NASA [47]. The enhanced surface static charge dissipation 

was determined to be an indirect result of the increased surface 

hygroscopic nature of the film. 

Condensation polyimides were modified with anhydrous cobalt 

chloride by Boggess and Taylor [48] and were studied to determine if 

there was coordination of the potential donor atoms of the polyimide to
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cobalt. No appreciable coordination was observed, but the resulting 

films had a reduction in surface resistivity of as much as 10° ohm. 

Auerbach described the use of lasers [49,50] to reduce metal salts 

complexed in a polymeric host. For example, by focusing a laser onto 

the surface of a nonconductive silver nitrate doped polyimide film, the 

silver nitrate was reduced to silver metal. By translating the film 

relative to the laser beam, conductive lines were formed that had 

measured resistances comparable to the computed value for a silver 

conductor of comparable dimensions. 

Haushalter has described the topochemical oxidation of Zintl anions 

by a polyimide (51). The surface metallization proceeds by a reduction- 

intercalation-deposition mechanism and relies on the ability of the 

polyimide to form stable anion and dianion states and the ability of 

alkali metal cations to intercalate the polyimide. The Zintl anion's 

alkali metal counter cation intercalates the polymer to balance the 

charge from the reduction, and the clusters are oxidized to the metallic 

state on the polymer surface. The electrical properties of the 

deposited metal films can vary greatly depending on the condition used - 

for the deposition. Scanning electron microscopy shows that the more 

insulating films are island films with metal particles surrounded by 

polymer, while the conducting films have overlapping metal grains. 

More recently, Mazur et al. presented details for the preparation 

of silver metal deposits within a preformed polyimide film [52]. The 

process, referred to as countercurrent diffusion, forms a metal layer 

by, for example, diffusion of silver ions from one side of the film and 

borohydride reducing agent from the other side of the film. Silver
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chloride interlayers were obtained by replacing the borohydride with 

chloride. Details for controlling the thickness and position of the 

metallic interlayer are described, as well as the production of other 

types of metal interlayers [52]. 

There are many processes used to obtain surface conductive 

polyimide films. Some preparation schemes require a variety of chemical 

reagents and process steps, while others require little more than a 

source of heat and a controlled atmosphere. The technique of Auerbach, 

for example, only requires heating a polyimide film that contains a 

metal salt [49,50]. Similarly, the method of Taylor et al. [25] for 

preparing surface conductive films from previously homogeneous 

poly(amide acid)/metal salt solutions by direct thermal conversion is 

appealing for its simplicity. It is this approach which was used to 

prepare the polyimide films discussed in the subsequent chapters.



CHAPTER III 

EXPERIMENTAL 

A. Polymer Film Preparation 

1. Monomers 

The structures and chemical data pertaining to the monomers used in 

this research are shown in Table II. 

PMDA: 1,2,4,5-Benzene tetracarboxylic acid dianhydride, also 

called pyromellitic dianhydride, was obtained from Aldrich Chemical 

Company and was purified by sublimation at 215 °C and less than 1 torr. 

BTDA: 3,3',4,4'-Benzophenonetetracarboxylic acid dianhydride was 

obtained from Gulf Chemical Company and dried in vacuum at 110 °C. 

BDSDA: 4,4'-Bis(3,4-dicarboxyphenoxy)diphenylsulfide dianhydride 

was obtained from NASA, Langley Research Center (Hampton, Virginia) and 

was used as received. 

QDA: 4,4'-Bis(aminophenyl)ether, also called oxydianiline, was 

obtained from Aldrich Chemical Company and was purified by sublimation 

at 185 °C and less than 1 torr. 

DDS: 4,4'-Bis(aminophenyl)sulfide, also called 4,4'-diamino- 

diphenylsulfide, which is available from Mitsui Toatsu Chemical, was 

obtained from NASA, Langley Research Center (Hampton, Virginia) and was 

used as received. 

2. Dopants 

The dopants used in this research are shown in Table III. 

CoCl,: Anhydrous cobalt(II) chloride, a blue powder, was obtained 

17



Table II. Structures and Data Pertaining to Monomers 
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Used in This Study. 
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Table III. Data Pertaining to Dopants Used in This Study. 

  

  

Formula CAS # FW 

CoCl,, [7646-79-9] 129.84 

snC14°2H,0 [ 10025-69-1] 225.63 

LiCl (7447-41-8] 42.39
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by heating cobalt(II) chloride hexahydrate (Alfa Products) for three 

hours at 120 °C under vacuum. 

SnCl 5° 2H.0: Stannous chloride dihydrate was purchased from Alfa 

Products and used as received. 

LiCl: Anhydrous lithium chloride was purchased from Alfa Products 

and used as received. 

3. Solvent 

DMAC: Reagent grade N,N-dimethylacetamide, distilled in glass, was 

stored over molecular sieves under a nitrogen atmosphere and was sparged 

with dry nitrogen prior to use. This solvent was purchased from Burdick 

and Jackson Laboratories, Inc., and from Aldrich Chemical Company. 

4. Polymers 

The condensation reaction between one of the diamines and one of 

the dianhydrides was performed at room temperature (20-25 °C) by first 

adding 4.00 mmole of diamine to a nitrogen-purged glass septum bottle 

with 7 ml DMAc. Next, 4.00 mmole dianhydride was added to the diamine 

solution with an additional milliliter of solvent. The resulting 

solution was stirred for 20 to 24 hours to form the polyamic acid ~ 

(polyimide precursor). For the doped polyimides, the dopant was added 

as a solid within one-half hour after the dianhydride, resulting in a 

solution concentration typically between 15 to 20 wt% solids, but as 

high as 30 wt% solids, depending upon the monomer combination and 

additive level. 

The polyamic acid solutions were centrifuged for five minutes at 

1700 rpm, poured onto a clean, dust-free, soda-lime glass plate, and 

spread with a doctor blade (16 or 8 mil blade gap) to obtain films



21 

having a final thickness of approximately 34 or 15 micrometers (1.3 or 

0.5 mil), respectively (Figure 3). The films were cured at 80 °C for 20 

minutes and subsequently thermally imidized in a forced air oven at 100, 

200, and 300 °C each for one hour. Films were also processed with the 

Same temperature profile, but with one of three alternative atmospheres. 

l. dry nitrogen purge in an inert gas oven 

2. dry air purge in an inert gas oven 

3. moist air purge (100% r.h. at 20-25 °C) in an inert gas oven. 

The surface of the film in contact with the soda-lime glass plate during 

imidization is referred to as the "glass-side", while that in contact 

with the cure atmosphere is referred to as the “air-side" of the film. 

After cooling to room temperature, the films were removed from the glass 

plate by soaking the casting plate in a distilled water bath at room 

temperature. Films were sometimes removed from the glass plate without 

soaking the casting plate in a distilled water bath. 

B. Polymer Film Characterization 

1. Elemental Analyses 

Elemental analyses were performed by Galbraith Laboratories, Inc., 

Knoxville, TN. 

2. Thermomechanical Analyses 

Thermomechanical analyses were performed by NASA, Langley Research 

Center (Hampton, Virginia) personnel using a DuPont Model 990 

Thermomechanical Analyzer on film specimens at 5 °C/min heating rate in 

static air (self-generated atmosphere) with film clamps in the extension 

mode.
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3. Differential Scanning Calorimetry 

Differential scanning calorimetric data were obtained using a 

Perkin Elmer Model DSC-4 Differential Scanning Calorimeter at 20 °C/min 

heating rate with a dynamic nitrogen purge. For each analysis, two 

0.25" diameter disks of the sample were encapsulated in an aluminum 

sample pan. All analyses were obtained with an empty aluminum pan in 

the reference holder. 

4. Thermogravimetric Analyses 

Thermogravimetric data were obtained with a Perkin-Elmer Model TGS- 

2 Thermogravimetric System at 10 °C/min heating rate in a dynamic dry 

air purge. By punching a single 0.25" diameter specimen from a sample, 

nearly constant geometrical surface area specimens were obtained. For a 

range of film thicknesses of between 10 and 40 micrometers, the 

calculated geometrical surface area varies only in the fifth decimal 

place (i.e., from 0.24938 to 0.24944 cm*), The sample mass was 

typically 2.0 + 0.3 mg. 

9. Auger Electron Spectroscopy 

Auger electron spectra and depth profiling at approximately 500 

A/min or 50 A/min (based on tantalum oxide) via argon ion etching were 

obtained with a Perkin-Elmer Phi Model 610 Scanning Auger Microprobe 

System. 

6. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectra were obtained with a Perkin-Elmer Phi 

Model 5300 ESCA System using a magnesium anode (Ka = 1253.6 eV) at 

250 W.
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7. Room Temperature Electrical Resistivity and Charging 

Characteristics 

Room temperature surface and volume direct current electrical 

resistivity of 85 mm diameter polymeric films were determined using a 

Keithley Model 240A High Voltage Source, a Keithley Model 610C 

Electrometer, and a Keithley Model 6105 Resistivity Adapter. Room 

temperature charge versus time measurements (current integration) were 

obtained by using the Keithley 610C Electrometer in the coulombmeter 

mode in conjunction with a +100 VDC step. Data were recorded with a 

Fisher Scientific Model 5000 strip chart recorder. 

8. Elevated Temperature Electrical Resistivity 

Variable temperature electrical resistivity measurements were 

obtained with a computer controlled instrument. The system controls 

sample temperature, applied voltage, electrification time, atmosphere, 

and measurement mode. The electrode geometry for the variable 

temperature test cell is the same as the commercially available Keithley 

6105 Resistivity Adapter. The variable temperature electrical 

resistivity data were obtained by poling the sample either in the volume 

mode or the surface mode (Figure 4) with 100 VDC at the start of the 

experiment and leaving the sample poled for the duration of the 

experiments. 

9. Transmission Electron Microscopy 

Transmission electron microscopy data were obtained by personnel in 

the Ultrastructure Laboratory at the Virginia-Maryland College of 

Veterinary Medicine using a JEOL 100CX-II transmission electron 

microscope. Samples were imbedded in Poly=bed 812 epoxy resin and cured
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at 50-60 °C for 2-3 days. Samples were then sectioned to between 3800 

and 1000 A on either a Sorval MT2B or an LKBIV Ultramicrotome using 

glass knives and were placed on 200 mesh copper grids. 

10. Rutherford Backscattering Spectroscopy 

Rutherford backscattering spectroscopic data were obtained by 

General Ionex Corporation personnel using a General Ionex Corporation 

Model 4175 Rutherford Backscattering Surface Analyzer. The elastically 

backscattered helium ions (He*’, 2 MeV) were evaluated in terms of yield 

and energy to obtain surface composition data. 

ll. Energy Dispersive X-Ray Analysis 

Energy dispersive x-ray analysis was obtained by personnel in the 

Ultrastructure Laboratory at the Virginia-Maryland College of Veterinary 

Medicine using a Tracor Northern 5500 x-ray microanalysis system. 

Sections were prepared in a manner similar to that used for the TEM 

evaluations except that the samples were sectioned to between 900 and 

1200 R and were placed on 190 mesh carbon coated nylon grids.



RESULTS AND DISCUSSION 

CHAPTER IV 

CONDENSATION POLYIMIDES DOPED WITH ANHYDROUS COBALT CHLORIDE 

A. Preliminary 

One metal ion doped system evaluated is anhydrous cobalt chloride 

modified condensation polyimide films, chosen primarily because cobalt 

jon can be probed by a variety of Spectroscopic techniques [48]. Highly 

flexible, thermally stable films were obtained wherein one film surface 

exhibited a tightly adhering cobalt oxide surface. Because a principal 

goal of the laboratory work was to produce materials having 

substantially altered electrical properties, direct current electrical 

resistivity of the polyimide films (bulk and each surface) was measured 

at both room temperature in air and as a function of temperature in 

vacuum [53]. Data pertaining to the lowered resistivity of a variety of 

condensation polyimide films, each of which has been comparably doped 

with cobalt chloride and cured in a forced air or static air oven, have 

been obtained. A discussion of these results constitutes the primary 

portion of this chapter. 

B. General Properties 

Condensation polyimides in thin film form (10-100 micrometers) are 

flexible and yellow in color. The higher glass transition temperature 

polyimides are more intensely colored (dark yellow to orange) than the 

lower glass transition temperature polyimides that are light yellow or 

even nearly colorless. Upon incorporation of anhydrous cobalt chloride 

27



28 

into the polyamic acid solution and subsequent processing to 200 °C, the 

films are opaque and green in color, whereas curing to 300 °C in air 

results in brown, translucent films. Compared to the nondoped polyimide 

films, the incorporation of cobalt chloride appears to have no influence 

on the flexibility of the film insofar as a simple fingernail crease 

test is concerned. While not as elegant a test as that performed with 

polymer coated cantilevered vitreous silica rods by Greenblatt and 

Lacomb [54] for assessing the thermomechanical properties of ultra thin 

(60 A) organic films, it does allow the flexibility to be estimated. 

Because of the stringent requirements of materials intended for 

aerospace applications, it is common to employ thermoanal ytical 

techniques for the characterization of new materials [55]. For example, 

isothermal thermogravimetry is used to predict the aging characteristics 

of polymers. A typical isothermal aging study for polyimides involves 

the evaluation of mass as a function of time (70 or more hours) for a 

20-30 milligram sample heated to 400 °C in air at atmospheric humidity 

allowed to circulate freely in the furnace [55]. Although this 

technique did not give optimum stability data, it was considered useful 

because it simulated the environment to which the polymers would 

normally be exposed. From a materials research point of view, this 

technique is not acceptable because: 

1. the sample throughput is low, 

2. too many replicates are required in variable humidity self- 

generated atmosphere to rank samples, and 

3. details of the mass loss curve in the region up to 400 °C are 

not obtained.
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For these reasons, dynamic thermogravimetric data were obtained in 

controlled atmosphere for the nonmodified and the metal ion modified 

polyimide films. 

Typical thermogravimetric curves for a nondoped polyimide film and 

the corresponding cobalt chloride doped polyimide film are shown in 

Figure 5. Values such as Tio» To5» and Tegs the temperatures for 10%, 

25%, and 50% mass loss, respectively, are used by some materials 

scientists to compare the thermal stabilities of polymers. Other 

workers use the values for the mass loss occurring up to a particular 

temperature as a ranking parameter. However, the most common single 

parameter characteristics (Figure 6) utilized are To» Tio? and Tax? 

representing the extrapolated onset of mass loss, the temperature at 

which 10% mass loss occurs, and the temperature at which maximum rate of 

mass loss occurs, respectively [14-17, 56]. These six single value 

criteria for two polyimide films are shown in Table IV (data from 

Figures 5 and 6). The criterion, Tmax? most readily obtained by 

plotting the derivative of the TG curve (dW/dT vs. T, parts B and D of 

Figure 6) is considered to be the temperature at which main chain 

degradation occurs [17]. These single value parameters were used by 

other workers for the evaluation of polyimides with the following 

important structure-property relationships resulting: 

1. polyimides with symmetrical repeat units or with an aromatic 

nucleus have high T) values [14,17], 

2. polyimides with aliphatic substituents in the polymer backbone 

have substantially lower To values than all aromatic systems 

(14,16,17],
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Table IV. Single Parameter Criteria Used to Assess the Thermal 
Stability of Polymeric Materials. 

Polyimide Film 

  

“recy Nondoped CoC], Doped 

Ty 366 343 

Tho 576 484 

To6 608 521 

T59 624 536 

Trax 660 535  



Figure 6, 
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3. PMDA polyimides have greater thermal stability than the 

corresponding BTDA polyimides [11,14], 

4. changes in the diamine structure influence Tho more than do 

changes in the dianhydride [15], 

5. Tio9 increases as the percentage of carbon atoms in the diamine 

increases and as the percentage concentration of heteroatoms in 

the diamine decreases [15], and 

6. chemical structure has little influence on To after To reaches 

350 °C or more [56]. 

The bar graph (Figure 7) compares the thermal stability, Tho? of 

the nondoped polyimide films with the average stability of the cobalt 

chloride doped polyimide of the corresponding polymer structure. It is 

clear that the thermal stability of cobalt chloride modified polyimides, 

insofar as the Tho criterion is concerned, is substantially reduced 

compared to the nondoped polyimide. Also, the nondoped polyimides 

containing a sulfide linkage in the diamine are slightly more stable 

than those containing the ether linkage for a particular dianhydride. 

This phenomenon was previously observed by Sazanov et al. [57]. 

Because polymers must be processed above the glass transition 

temperature, the measurement of this temperature region is important for 

monitoring the effect of structural variations and metal ion additive on 

processability. Although thermomechanical analysis was previously 

identified [58] as the most reproducible and rapid method for arriving 

at the glass transition temperatures when self-supporting flexible films 

could be prepared, the glass transition temperatures reported here were
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obtained by DSC because of the availability of this particular 

instrument. 

The DSC analysis indicates that the glass transition temperature of 

nondoped polyimide films is influenced more by the dianhydride than by 

the diamine (Table V), in agreement with the work of Fryd [59]. For all 

cobalt chloride doped condensation polyimides, the glass transition 

temperature appears not to be altered except for the BIDA-containing 

polyimides for which, by DSC, a glass transition near 354 °C is 

indicated by the first heating cycle data. The second heating cycle 

indicates no transition below 440 °C (the upper temperature limit from 

the first heating cycle). Independent TMA data indicate an increase in 

the rate of softening in the vicinity of 350 °C. The data from the two 

techniques for one cobalt chloride doped BTDA/ODA polyimide film are 

shown in Figure 8. 

C. Room Temperature Properties 

The polarization time is an important consideration [60] in the 

evaluation of the electrical resistivity of highly insulative materials 

because at short times polarization of the polymer side groups, end 

groups and/or the main chain may contribute to the measured current. In 

addition, there is nearly instantaneous charge accumulation on the 

electrode surfaces since the electrodes form a capacitor. The typical 

current versus time and charge versus time responses of cobalt chloride 

doped polyimides in the volume mode are shown in Figure 9. The charge 

versus time plot indicates three regions: instantaneous polarization, 

time dependent polarization, and substantial d.c. conduction current.
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Table V. General Properties of Anhydrous Cobalt Chloride 
Doped and Nondoped Polyimide Films. 

  

Polyimide Level? Color Flexibility? | pot? ard 

Kapton 0 dk. yellow flexible 624 --- 

PMDA/ODA 0 yellow flexible 586 405 

PMDA/ODA a brown flexible 509 wae 
PMDA/DDS 0 dk. yellow flexible 618 >440 

PMDA/DDS 1 brown flexible 498 --- 

BTDA/ODA 0 yellow flexible 580 286 

BTDA/QDA 1 brown flexible 486 354 

BTDA/DDS 0 yellow flexible 610 282 

BTDA/DDS 1 brown flexible 505 278 

BDSDA/ODA 0 colorless flexible 569 213 

BDSDA/ODA 1 brown flexible 511 215 

BDSDA/DDS 0 It. yellow flexible 576 212 

BDSDA/DDS l brown flexible 539 210 

ag nondoped polyimide film 
l 

b fingernail crease test 

  
1 mmole Cocl, per 4 mmoles polymer repeat unit 

C Polymer Decomposition Temperature. Temperature corresponding to 10% 
weight loss in dynamic air 

d 
data obtained by TMA or DSC, apparent glass transition temperature
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The first two regions of the plot are more easily probed using a.c. 

techniques. It is the third region of the plot upon which the 

electrical resistivity data in this chapter are based. The room 

temperature resistivity values reported here were calculated by 

measuring the current five minutes after application of a lOOVDC step 

(~40 kV/cm for a 1 mil film). From the data (Table VI) several 

qualitative features are observed. For the additive level employed, the 

glass-side resistivity and volume resistivity are only marginally 

altered, whereas the air-side electrical resistivity is substantially 

reduced for a given cobalt chloride doped polyimide. Duplicate 

measurements of the same sample (PMDA/ODA) at the highest resistivity 

encountered, representing the most difficult measurement, show excellent 

agreement with each other. Two independent cobalt-modified films 

(BDSDA/DDS) also show good agreement. of room temperature electrical 

resistivity. The influence of different monomer combinations on the 

measured resistivity (regardless of the mode) at room temperature 

appears to be minimal. 

The reduced electrical resistivity (air-side, glass-side, volume) 

obtained with cobalt chloride modification suggests (1) the presence of 

more charge carriers, (2) a greater mobility for charge carriers, and/or 

(3) charge carriers with increased charge in the bulk of the modified 

film compared with the nondoped film. The lower air-side electrical 

resistivity relative to the glass-side can be explained in part by x-ray 

photoelectron spectroscopic results which indicate the presence of a 

substantial amount of cobalt on the air-side but a low concentration of 

cobalt on the glass-side of the cobalt chloride doped films (Figure 10).



Table VI. Direct Current Electrical Resistivity of Polyimide Films at 
T = 25 °C; t = 5 min, 100 VDC. 

  

  

  

Polymer Additive Log Resistivity 
Matrix Level? 

Volume (ohm cm) Air-side(ohm) Glass-side(ohm) 

PMDA/ODA 0 18.22(18.02)> >17.00 >17.00 
l 16.57 13.80 16.30 

PMDA/DDS 0 17.43 >17.00 >17.00 
l 17.08 >14.97 >16.13 

BTDA/ODA 0 17.60 16.28 16.00 
l 17.61 12.55 16.07 

BTDA/DDS 0 16.94 b 16.34 16.30 
l 15.85( 16.07) >17.00 >17.00 

BDSDA/ODA 0 17.53 16.73 17.18 
l 17.00 12.05 15.69 

BDSDA/DDS 0 16.60 >17.00 15.34 
1 16.46 14.17 15.99 

a Q, nondoped, polyimide 
1, 1 mmole CoCl, per 4 mmole each monomer or 11 mole % 

b 
A second measurement of the same film
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The narrow scan x-ray photoelectron spectra, between 765 and 815 eV 

binding energy, can be used to assess the chemical state of the cobalt. 

A cobalt chloride sample yields photopeaks having main peak separation 

of about 16 eV (Figure 11 A) [61]. Also, intense satellite peaks are 

observed on the high binding energy side of the main peaks as expected 

for high spin cobalt(II) compounds [62,63]. After processing the 

polyimide films at 300 °C in a forced air oven, the air-side cobalt 

(Figure 11 B) is different in terms of chemical state than the cobalt 

chloride. First, the main peak separation is now closer to 15 eV, and 

second, there is only weak satellite structure on the high binding 

energy side of the main photopeaks. These two pieces of information 

Suggest that the cobalt(II) was partially oxidized to cobalt(III) during 

processing. 

The oxygen photopeak region, binding energy between 525 and 545 eV, 

was also evaluated. Upon incorporation of cobalt chloride and 

subsequent processing at 300 °C in air, a lower binding energy oxygen 

photopeak emerges. This lower binding energy oxygen photopeak is 

separated from the polyimide oxygen photopeaks by 1.6 eV (Figure 12). 

These data suggest that there is cobalt oxide present in the near 

surface region of this cobalt chloride modified polyimide film. Auger 

electron spectroscopic analysis with depth profiling via argon ion 

sputtering shows that a high concentration of both cobalt and oxygen 

exists near the air-side of the film (Figure 13 A); while on the glass- 

side (Figure 15 B), only a small but constant concentration of cobalt 

and oxygen is revealed by depth profiling. Concerning the glass-side 

and volume resistivities at room temperature, the slight reduction in
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resistivity may be attributed to a small increase in charge carriers due 

to residual cobalt and chloride ion content in the bulk and on the glass 

Side of the films. 

The equation for surface resistivity [64]: 

py = (p,)(d) 

where Py» volume resistivity, ohm cm 

Po» surface resistivity, ohm 

d, surface "thickness", cm 

can be used to estimate the bulk resistivity of the oxide layer. Such a 

calculation of the bulk resistivity of the air-side oxide layer is valid 

because the Auger depth profile and electrical resistivity measurements 

(air-side compared with volume) indicate the sample to be highly 

anisotropic. The measured surface resistivity of the cobalt modified 

BDSDA/ODA film is 1.12 x 10/2 ohm which results in a calculated bulk 

resistivity of 1.51 x 107 ohm-cm based on a cobalt oxide thickness of 

1350A as estimated by AES. Similar Py values are obtained for other 

modified films. The bulk resistivity of the surface oxide is therefore 

found to be numerically comparable to values for typical semiconductors. 

Specifically, Koumoto and Yanagida [65] have measured the electrical 

resistivity of C00, (99.99% purity) in the temperature range of 200 to 

900 °C. A transition from extrinsic to intrinsic behavior in electrical 

conduction was found at 327 °C (600 °K). Extrapolation of their data in 

the region between 200 and 320 °C (Figure 1 of reference 65) to 25 °C 

8 ohm=-cm for the bulk resistivity of results in a value of 1.2 x 10 

sintered pure C00, which compares favorably with our calculated value 

for several films.
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A further observation concerning the air-side electrical 

resistivity of these cobalt modified films is that the charge versus 

time profile (Figure 14) shows no influence of polarization current by 

the polymeric matrix in contrast to the volume (Figure 15) and glass- 

Side modes (Figure 16). This further supports the striking anisotropy 

of the cobalt ion modified films wherein the air-side behaves as a 

conductor, and the glass-side and volume modes reflect the properties of 

a dielectric with loss and conduction. 

D. Elevated Temperature Electrical Properties 

Direct current electrical resistivity for the volume and each 

surface mode has also been evaluated at elevated temperature in vacuum. 

Measurement at elevated temperature is useful because it directly 

evaluates the electrical resistivity of the film at temperatures that 

the film may experience in actual applications. Also, a more accurate 

comparison of materials may be obtained at elevated temperature. For 

example, as indicated by Figure 17, the volume electrical resistivity of 

cobalt chloride doped BIDA/ODA (Figure 17 A) and BDSDA/ODA (Figure 17 B) 

are nearly identical at 50 °C. However, the variable temperature 

experiment verifies that at higher temperature the BTDA/ODA film has 

higher volume electrical resistivity than the BDSDA/ODA film for similar 

levels of additive. Elevated temperature also allows more accurate 

assessment of electrical resistivity in cases where the resistance of 

the sample limits current passage to a value lower than or comparable to 

the leakage current of the test equipment. This situation is applicable 

to insulators and semiconductors because a decrease in resistivity is
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expected at elevated temperature. Finally, elevated temperature in 

combination with vacuum can be used to reduce the influence of moisture 

and other volatiles on the measured electrical properties. 

Volume electrical resistivity decreases with increasing temperature 

regardless of the polyimide formulation (Figures 17 A and 17 B). This 

variation of electrical resistivity with temperature is characteristic 

of insulators and semiconductors. The range of volume mode 

resistivities observed for the cobalt chloride doped polyimides (1010 to 

1918 ohm cm) classifies them as insulators. It is expected, therefore, 

to observe not only d.c. conduction current due to ionic impurities but 

also to observe an influence of the polymer matrix on the volume mode 

electrical properties. A convenient demonstration of the influence of 

the polymer matrix is obtained by noting charge accumulation as a 

function of time (I = dQ/dt) at room temperature in air upon application 

of a step voltage. The charge versus time profiles (Figure 15) for the 

volume mode of cobalt chloride doped BDSDA/ODA and BTDA/ODA polyimides 

show short term polarization current (dielectric current) associated 

with the limited mobility of polymer end-groups or side-groups. 

Phenomenologically, as the dielectric retardation time (1) increases, 

the time required to attain the infinite-time polarization charge also 

increases according to the equation [64] 

P. - a(1-e7 &/T) 

where P. is polarization charge at t seconds 

P,, is polarization charge acquired at infinite time 

l t is dielectric retardation time, sec” 

t is seconds
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Qualitatively, the charge versus time profiles (volume mode) indicate 

that the cobalt chloride doped BDSDA/ODA polyimide has a longer 

retardation time than the cobalt chloride doped BIDA/ODA polyimide 

(Figure 18). 

Temperature cycled analysis of these films revealed no appreciable 

hysteresis effect. This implies that the number of free charge carriers 

far outweighs the mobility of charge carriers since the resistivity at a 

particular temperature does not Change substantially for any of the 

polyimides even after two heat-cool cycles from room temperature to 250 

°C. In essence the experimental evidence Suggests that over the time 

range and applied bias of the experiments we have not depleted the bulk 

of charge carriers. Another point regarding Figure 17 is that in those 

polymers where the volume electrical resistivity starts at a low enough 

value that the resistivity can be reliably measured (BDSDA/DDS, PMDA/ODA 

for example), it is found that initially the electrical resistivity 

increases with increasing temperature. This behavior, the opposite of 

expected behavior for insulators and semiconductors, ending in the 

vicinity of 100 °C and present only on the first heating cycle, is 

attributed to moisture. 

Atmosphere control, an important parameter in all thermal methods 

of analysis, is therefore considered an important attribute of this 

three electrode system design [53]. Moisture in particular may strongly 

influence electrical resistivity due to its inherent ability to provide 

charge carriers and to increase the effective dielectric constant of the 

polymeric matrix thereby increasing the extent of dissociation of 

ionizable groups [66,67]. Moisture may also act as a plasticizer in
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polymers, thereby influencing charge mobility. Moisture seems to have a 

limited permanent influence on the electrical resistivity of cobalt 

chloride doped polyimides in contrast to lithium chloride doped 

polyimides [68]. The slight contribution due to moisture is, however, 

evidenced by two observations. Polymer glass transition temperature 

fails to correlate with electrical resistivity at room temperature 

(Figure 19 A), whereas a correlation is observed if the resistivity is 

measured at elevated temperature (150 °C) in vacuum (Figure 19 B). 

second, plots of log resistivity versus 1/T indicate curvature in the 

region below 100 °C during the first heating cycle with less curvature 

in subsequent heating-cooling cycles. This too is expected for a 

polymer plasticized by a volatile component. 

The dielectric constant of the polymeric matrix may also contribute 

to a change in resistivity with increasing temperature. Since the 

dielectric constant of polyimides [69] decreases with increasing 

temperature, resistivity would be expected to increase based on the 

ionic dissociation theory [70] in which the concentration of ions, n, is 

expressed by the equation: - 

n = nexp(-W/2eKT ) 

where No is a constant, 

€ is the dielectric constant, 

and W is the ionic dissociation energy. 

A decrease in € from 3.5 at 25 °C to 2.9 at 250 °C decreases n by a 

factor of 0.95 and should cause an increase in resistivity. The 

decrease in resistivity which is actually observed in this study 

Suggests that the small change in dielectric constant within the
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temperature range of the measurements is not a significant contribution 

to the observed change in electrical resistivity. 

The conductivity (0) of a specimen is described by the fundamental 

equation: 

o8 Nyeqhy 
where on, = number of jth charge carriers, cm™> 

e, = charge of jun charge carriers, C 

Wy = mobility of jth Charge carrier, em@y7t5~! 

No significant increase in the number of charge carriers, coupled with 

the expectation that the charge of the mobile species will not change 

upon heating, suggests that the reduced volume resistivity with 

increasing temperature observed for these samples is due primarily to an 

increase in charge carrier mobility. In this regard, variable 

temperature electrical resistivity measurements on cobalt chloride doped 

BDSDA/ODA show an abrupt change in resistivity around 203 °C, suggestive 

Of a polymer transition, while analysis of the cobalt chloride doped 

BDSDA/DDS polyimide suggests a transition at 208 °C. Independent DSC 

analysis indicates a glass transition at 213 °C for each (Figure 20). 

All other cobalt modified polyimides of this group (PMDA/ODA, BTDA/ODA, 

PMDA/DDS, BTDA/DDS) have glass transitions outside the temperature range 

routinely investigated (25 to 250 °C) and did not reveal a polymer 

transition via variable temperature electrical resistivity 

determinations. 

Furthermore, the volume electrical resistivity for the BDSDA/ODA 

polyimide is lower at all temperatures than the BTDA/ODA polymer, 

Suggesting that mobility of ions is greater in the former than in the
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latter. Additional support for the mobility of charge carriers being 

significantly greater in BDSDA/ODA compared with BTDA/ODA is obtained 

indirectly from elemental analysis of the films. Results of elemental 

analysis are found in Table VII. In general, it is observed that the 

amount of cobalt found in the films after processing is much lower than 

the theoretical amount, the difference being largest in the films 

containing the thioether moiety. The low amount of cobalt in the 

polyimide films is in agreement with previous observations of Khor for 

BIDA/ODA modified with a variety of cobalt salts [71] and for a variety 

of condensation polyimides thermally imidized in nitrogen or vacuum 

which had been modified with cobalt(II) chloride [61]. Loss of cobalt 

by way of covolatilization with polymer decomposition products is a 

possibility ruled out by the fact that the resulting films are too 

flexible and continuous for significant polymer degradation to have 

occurred. Loss of cobalt while soaking the film in water in order to 

remove the film from the plate is another possibility which has been 

evaluated. The amount of cobalt found in films not soaked is much 

closer to the theoretical value as indicated by the data in Table VII. 

The ability of water to remove some cobalt suggests that there is 

residual cobalt chloride in the bulk of the film. In the presence of an 

applied electric field, the cobalt and chloride ions should contribute 

to the decreased resistivity. An additional point is that the bulk 

resistivity (measured at room temperature in air) of the BDSDA/ODA film 

containing 0.91% cobalt was 4.07 x 1017 ohm cm and that for a BDSDA/ODA 

12 film containing 2.04% cobalt was 5.37 x 10°" ohm cm, a tremendous
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Table VII. Cobalt Concentration in Cobalt Chloride Doped 
Polyimide Films. 

  

  

Polyimide Found, wt % Calculated, wt % 

PMDA/ODA 3.19 3.66 

BTDA/ODA 2.29 2.91 

BTDA/DDS 2.34 (2.25)9 2.82 

BDSDA/ODA 2.07 (0.89) 2.12 
2.01 (0.93) 2.12 

BDSDA/DDS - 2.07 

4 Values in parenthesis are for films removed from the casting plate by 
soaking in water.
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reduction. ‘Thus, the reduction in electrical resistivity in this narrow 

concentration range is apparently not linear with cobalt concentration. 

Similar to the volume resistivity, the glass-side electrical 

resistivity also decreases with increasing temperature (Figures 21 A and 

21 B). The magnitude of the glass-side resistivity is high enough that 

the glass-side is classified as an insulator. The charge versus time 

profiles of Figure 16 indicate instantaneous polarization, the onset of 

dielectric current, but subsequently more complex behavior. A 

quantitative description of the glass-side of the cobalt chloride doped 

films is difficult at this point. The unusual portion of the charge 

versus time plot is the region where the instantaneous slope is 

negative, implying negative current for a positive applied voltage. The 

negative current can be explained in part if it is viewed that the 

application of the step voltage causes migration of bound charges beyond 

their equilibrium position with subsequent relaxation occurring. The 

mechanical analog of this model is observed as stress overshoot in a 

rheogram [72]. Eventually, positive current readings are obtained when 

the d.c. conduction current finally dominates the measurement (i.e., at 

higher temperature). 

Because charge versus time profiles indicate a contribution to the 

electrical properties from the polymer matrix, an abrupt decrease in 

glass-side electrical resistivity is expected for those polymers having 

a glass transition temperature in the range of the experiment just as 

was observed for volume mode measurements. Cobalt chloride doped 

BDSDA/ODA and BDSDA/DDS analyzed in the surface mode do indicate abrupt 

transitions having midpoints at 208 and 217 °C (T, by DSC is measured at
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215 and 210 °C, respectively). This is exciting in that it 

substantiates the ability of the electrical technique to characterize 

surface transitions which may differ from bulk transitions as determined 

by volume electrical measurements, thermomechanical analysis, or 

differential scanning calorimetry unless the surface area to volume 

ratio is substantially high. These limited data suggest that the 

polyimide in the vicinity of the glass-side may be different from the 

polyimide in the bulk. 

As in the case of the volume mode and glass-side, the air-side 

electrical resistivity also decreases with increasing temperature 

(Figure 22 A and 22 B). Initially, the air-side, due to the magnitude 

of the electrical resistivity, was expected to behave as an insulator; 

however, no instantaneous polarization and no dielectric current was 

observed in the charge-time profile. The lack of dielectric response in 

the charge versus time profile on the air-side of these films suggests 

that no polymer glass transition promoted decrease in resistivity should 

be observed, especially in the case of BDSDA/ODA and BDSDA/DDS (Figure 

22 B) where the analysis scans through the glass transition region.  . 

However, the resistivity versus temperature profile indicates, in 

contrast to previously described volume mode and glass-side behavior, an 

increase in resistivity with increasing temperature above a temperature 

close to the glass transition temperature of the polymer (215 °C for 

BDSDA/ODA, and 210 °C for BDSDA/DDS). This suggests that some regions 

of the metal oxide layer may be diffuse with domains separated by a very 

small amount of polyimide. As the polyimide is heated through the glass 

transition region, the polymer may expand, thereby increasing the
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distance between metal oxide domains and consequently increasing the 

overall resistivity of the polymer in the glass transition region by an 

order of magnitude or more. Cycled analysis indicates that the material 

is not permanently electrically damaged; the resistivity profile shows 

little hysteresis. Further support for a more diffuse metal oxide layer 

arises from the following observations. We view the cobalt modified 

polyimide film as a highly anisotropic structure. Based on the Auger 

electron depth profile, the oxide layer for BDSDA/ODA can be estimated 

to be 1350 A. The maximum oxide thickness attainable based on the 

additive level employed can be calculated to be between approximately 

1860 and 2200 A. The significant slope on the leading and trailing edge 

of the cobalt depth profile of these films may also indicate a diffuse 

oxide layer. The higher bulk resistivity calculated for the C040, on 

the film surface relative to the literature value further supports the 

diffuse nature. 

Apparent activation energies for bulk and air-side conduction were 

obtained from the slope of Arrhenius plots (Table VIII). The volume 

measurements indicate several linear regions (Figure 23). The 

activation energy calculated above the glass transition temperature is 

greater than that calculated below the glass transition temperature and 

depends on the polyimide as would be expected based on free-volume 

considerations [73]. The volume mode activation energy for conduction 

below the polymer glass transition temperature is comparable to the 

activation energy found by Sacher [74] in Kapton polyimide film. Taylor 

[75] has suggested, based on theoretical considerations, that the 

apparent activation energy in amorphous polymers should usually exceed
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Table VIII. Activation Energy for Conduction in Cobalt Chloride 
Doped Polyimide Films. 

  

  

Volume Mode Air-Side b 
Polyimide kcal/mole kcal /mole 

PMDA/ODA 37.9 13.5 
BTDA/ODA 47.0 15.1,14.3 
BTDA/DDS 35.2 - 
BDSDA/DDS 65.6 12.8 
BDSDA/DDS 70.3 13.2 
BDSDA/0ODA 81.2 12.3 

4 The values in this column are for the linear region (log p vs. 1/T) 
below 250 °C only, first heating cycle. 

b The values in this column are for the linear region (log p vs 1/T) 
above room temperature, first heating cycle.
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25 kcal/mole. This is found, in general, to be the case except for the 

air-side of the cobalt-modified films. The lower than expected 

activation energy for the air-side and its nondependence on polyimide 

Structure indicates again that the conduction mode is electronic. The 

air-side, which has been shown to contain substantial cobalt and oxide 

oxygen (as C030,) has an activation energy for conduction comparable to 

that obtained by Koumoto and Yanagida [65] for high purity C0304 

specimens (0.451 eV, 10.40 kcal/mole).



CHAPTER V 

CONDENSATION POLYIMIDES VARIABLY DOPED 

WITH ANHYDROUS COBALT CHLORIDE 

A. Preliminary 

It was shown in the previous chapter that the incorporation of 

anhydrous cobalt chloride into polyamic acid solutions (polyimide 

precursor) resulted in a near surface layer of cobalt oxide after 

processing the solvent cast film in ambient atmosphere to temperatures 

up to 300 °C. Also, the lower glass transition temperature polyimides 

appeared to have the lowest volume resistivity and air-side resistivity 

among the comparably doped condensation polyimides studied. Because, in 

addition to producing surface conductive films, volume conductive 

polymer films are also of technological interest, the influence of 

additive level on the low glass transition temperature polyimide, 

BDSDA/ODA, was evaluated and is discussed in this chapter. 

B. Electrical Properties 

The room temperature electrical resistivity data presented in Table 

IX indicate that the volume resistivity is reduced more than three 

orders of magnitude for the BDSDA/ODA polyimide film containing 1 mmole 

of added cobalt chloride and even more for the film containing 2 mmoles 

of this additive when compared to the nondoped sample. The reduced 

resistivity suggests the presence of more impurities and/or charge 

carriers in the bulk of the modified films compared with the nondoped 

film. The glass-side of the films shows only moderate reduction in 

69



70 

Table IX. Direct Current Electrical Resistivity of 
Cobalt Chloride Doped BDSDA/ODA Polyimide Films; 

T = 25 °C, t = 5 min, 100 VDC. 

  

  

log resistivity at t = 5 min, V = +100 VDC 

Volume Air-Side Glass-Side 

Polymer /Additive (ohm-cm) (ohm) (ohm) 

BDSDA-ODA 19.6 16.7 17.2 

BDSDA-ODA/CoC1, (a) 16.4 11.4 -- 

BDSDA-ODA/CoC1, (b) 15.8 11.1 15.3   
(a) millimolar ratio of monomer to additive is 4:1 

(b) millimolar ratio of monomer to additive is 4:2
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surface electrical resistivity at room temperature (about two orders of 

magnitude) in sharp contrast to the air-side electrical resistivity 

which is reduced more than five orders of magnitude. These electrical 

properties correlate with X-ray photoelectron spectroscopic results 

which indicate the presence of substantial cobalt and oxygen (organic 

and oxide) concentrations on the air-side (Figures 24 B and 25 B) but 

negligible concentrations on the glass-side (Figures 24 A and 25 A) of 

the films modified with 1 mmole of cobalt chloride. X-ray photoelectron 

Spectra indicate a surface oxide layer that is probably C030, as 

satellite peaks common to cobalt(II) are very weak and the separation 

between the cobalt 20179 and 203/90 photopeaks (15.3 eV) appears between 

the values commonly found for high spin cobalt(II) (~16 eV), and low 

spin cobalt(III) (~15 eV) compounds. In addition, the Auger electron 

argon ion etching depth-profiles for cobalt chloride doped BDSDA/ODA 

films indicate a high concentration of both cobalt and oxygen on the 

air-side of the film (Figure 13 A), while a depth profile from the 

glass-side (Figure 13 B) revealed only a small but constant 

concentration of cobalt. 

Direct current electrical resistivity for each surface and the 

volume mode has also been evaluated at elevated temperature in vacuum. 

The variable temperature electrical resistivity data for the volume 

mode, air-side and glass-side are shown in Figures 26, 27, and 28, 

respectively. 

As was observed for the series of condensation polyimides 

comparably doped with cobalt chloride, electrical resistivity decreases 

with increasing temperature. Also, there is an indication of a
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transition occurring within the matrix in the vicinity of the BDSDA/ODA 

polyimide glass transition temperature (208-213 °C). 

Apparent activation energies for bulk and surface conduction were 

obtained from the slope of Arrhenius plots (log resistivity versus 

reciprocal absolute temperature). Because of the polymeric matrix, the 

volume mode resistivity plots indicate several linear regions with an 

activation energy above the glass transition greater than that obtained 

below the glass transition as would be expected based on free-volume 

considerations [73]. For example, the BDSDA/ODA polymer film containing 

2 mmoles cobalt chloride had apparent activation energies of 69.6 

kcal/mole (above Tg) and 35.7 kcal/mole (below Tg). The apparent 

activation energy for conduction on the glass-side (24.05 kcal/mole) and 

air-side (9.18 kcal/mole) of the film in the temperature range studied 

(25 to 250 °C) indicated only a single activation energy value above and 

below the bulk polymer glass transition temperature. The volume mode 

activation energy for conduction below 209 °C, the polymer glass 

transition temperature, is comparable to the activation energy for 

protonic conduction in a commercially available polyimide film (Kapton, 

137 KJ/mole) found by Sacher at and below 90 °C [74]. Taylor [75] has 

Suggested, based on theoretical considerations, that the apparent 

activation energy in amorphous polymers having low dielectric constants 

should usually exceed 25 kcal/mol. This is found to be the case for the 

cobalt chloride doped BDSDA/ODA polyimide for each measurement mode 

except the air-side which has been shown to contain substantial amounts 

of cobalt and oxide oxygen. The lower than expected activation energy 

for the air-side may indicate that the conduction mode is electronic.



78 

The air-side for the polymer also differs from the glass-side and volume 

in its time response of charging. The glass-side and volume both 

indicate dielectric behavior with both loss and conduction [64], whereas 

the air-side indicates only conduction. That is, the air-side is 

behaving like a pure resistor. For reference and comparison, the volume 

and air-side charging characteristics are shown in Figures 29 and 30, 

respectively. 

All the electrical resistivity data presented so far were obtained 

at room temperature in air or during the first heating cycle in vacuum. 

The first heating cycle was used for the comparisons even though some 

workers use the second heating cycle because of the possibility of field 

induced changes in the sample [76]. Because of the sample thickness, 

the relatively low voltage (+100 VDC) results in a considerable electric 

field (~40 KV/cm). No doubt this may explain the nonlinear but nearly 

symmetrical current versus voltage behavior that is observed (Figure 

31). 

The subsequent cooling cycle and additional heating and cooling 

cycles are used to determine if there is any hysteresis in the ~ 

conduction as would be expected for substantial ionic conductivity or 

for d.c. induced electrochemical modification of the sample. In 

general, the measured electrical resistivity for our films is slightly 

lower during a cooling cycle than during the previous heating cycle due 

presumably to lack of thermal equilibrium within the sample. Similar 

results were observed by Sacher [74] for protonic conduction in Kapton. 

The difference between heating and cooling cycles is, however, not 

always slight for metal-ion modified polyimides. For example, polyimide
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Figure 29. Volume Mode Charging Characteristics of Nondoped and Cobalt 
Chloride Doped BDSDA/ODA Polyimide Films upon Poling with 
+100 VDC. (A) Nondoped; (B) 1 mmole Cobalt Chloride; (C) 2 
mmole Cobalt Chloride.
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Figure 30. Air-Side Charging Characteristics of Nondoped and Cobalt 
Chloride Doped BDSDA/ODA Polyimide Films upon Poling with 
+100 VDC. (a) Nondoped; (b) 1 mmole Cobalt Chloride; (c) 2 
mmole Cobalt Chloride. Note scaling factors for y-axis.
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films derived from pyromellitic dianhydride and ODA (PMDA/ODA, similar 

to Kapton) and modified with tin dichloride dihydrate showed 

substantially decreased resistivity during the first cooling cycle. 

This type of hysteresis could have been induced by diffusion of 

impurities from the bulk into the tin(IV) oxide surface during heating 

[27]. The opposite effect was observed with the air-side of cobalt 

chloride doped BDSDA/ODA. The volume mode resistivity showed little or 

no hysteresis as is usually observed. The resistivity at five 

temperatures is tabulated for the volume mode, in Table X to support 

this conclusion. The air-side, on the other hand (Table X), exhibits a 

reasonable difference in values except at 250 °C. Table XI shows 

similar data for the glass-side of the film, but for three heating- 

cooling cycles. The electrical resistivity is originally much higher 

for the glass-side than the air-side. However, continued thermal 

cycling in the presence of the electric field causes the air-side and 

glass-side electrical resistivities to become more similar. 

Doping of BDSDA/ODA with cobalt chloride results in substantial 

modification of surface electrical resistivity but no detectable change 

in the polymer glass transition temperature (i.e., 213 °C as determined 

by both DSC and TMA). The enhanced conductivity is, however, made with 

some sacrifice in thermal stability. The polymer decomposition 

temperature as indicated by 10% weight loss is decreased about 50 °C to 

a value of 479 °C for the case of the BDSDA/ODA polyimide modified with 

1.00 mmole cobalt chloride. This decrease in thermal stability is 

similar to that observed with tin modified PMDA/ODA [27], and lithium
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Table X. Resistivity of a Cobalt Chloride Doped BDSDA/ODA Polyimide 
Film for the Volume Mode and the Air-Side. 

  

  

Volume Air-Side Surface 

log(ohm-cm) log (ohm) 

T(°C) Ist heating Ist cooling lst heating Ist cooling 

60 17.20 ~17.32 9.388 ~11.46 

100 16.87 16.04 9.18 11.71 

150 15.31 15.14 8.52 9.68 

200 13.26 13.31 7.98 8.39 

250 10.64 10.65 7.81 7.80



84 

Table XI. Log Resistivity (ohm) of the Glass-Side of a Cobalt Chloride 
Doped BDSDA/ODA Polyimide Film. 

T(°C) | lst heating 2nd heating 2nd cooling 3rd heating 3rd cooling 

  

60 14.56 15.15 12.55 12.49 12.04 

100 14.54 13.48 11.64 11.59 11.15 

150 14.51 11.87 10.71 10.67 10.25 

200 11.79 9.99 9.39 9.86 9.49   290 -- 9.24 9.18 8.66 8.66
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chloride modified BTDA/ODA and PMDA/ODA [29] but less than that observed 

with copper modified BTDA/ODA [28] and silver modified BTDA/ODA [25].



CHAPTER VI 

SURFACE CONDUCTIVE METAL OXIDE/POLYMER COMPOSITES 

A. Preliminary 

Based on the d.c. charging characteristics and electrical 

resistivity for each surface and the volume mode, the Auger Electron 

depth profiles via argon ion sputtering from each surface, the X-ray 

photoelectron spectra of each surface, and the variation of resistivity 

with temperature for each surface and the volume mode, a structural 

model for cobalt chloride doped polyimide films is proposed. Based on 

the proposed general schematic of these air cured cobalt chloride doped 

polyimide films, an equivalent electrical circuit was developed. The 

development of the model and subsequent d.c. representation of the model 

are described in this chapter. 

B. Development of the Model 

There is sharp contrast among the d.c. charging characteristics for 

the air-side, glass-side, and volume mode for cobalt chloride doped 

polyimides cured in air to 300 °C. The charging characteristics Suggest 

that the air-side behaves primarily as a conductor, whereas the glass- 

Side and bulk are dielectrics. Initially, the values for the air-side, 

glass-side, and volume mode resistivity determined at room temperature 

Suggests each is an insulator. Auger electron depth profiles via argon 

ion etching reveal that the air-side of the modified films contains an 

organic overlayer above a high concentration of cobalt and oxygen. The 

high concentration of cobalt and oxygen (rough ratio of 1:4, i.e., 

86
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CO3 904.0 based on atomic concentration at the peak maxima for cobalt 

and oxygen, Figure 13 A)) eventually diminishes as the carbon returns to 

its high and constant value. Probing the sample from the glass side 

reveals a high and constant carbon concentration, but low and constant 

cobalt, oxygen, nitrogen, chlorine, and sulfur concentrations. X-ray 

photoelectron spectroscopy indicates that the first 75-100 A of the 

glass-side, the inherent sampling depth of this technique, is composed 

primarily of carbon, oxygen, and nitrogen, whereas the air-side is 

composed of carbon, oxygen, nitrogen, and a substantial amount of 

cobalt. Further, the oxygen photopeak contains a low binding energy 

peak due to oxide. Up to this point, the data suggest a stratified 

System with the bulk polyimide film acting essentially as the substrate 

for the oxide deposit and polymer overlayer. 

The acquisition of a x-ray photoelectron spectrum occurs over fixed 

sample geometrical surface area and if constant sampling depth is 

assumed occurs over constant volume. Curve resolution of the air-side 

XPS oxygen signal into three component peaks [48], ether/ketone, imide, 

and oxide oxygen, yields peak areas indicative of the atomic 

concentration of each species. For convenience, the imide oxygen peak 

area is ratioed to the oxide oxygen peak area and then normalized to an 

imide oxygen peak area of 4.00 because there are four imide oxygens per 

polyimide repeat unit. Values for various polyimides are shown in Table 

XII, We take the imide oxygen peak area as a measure of the volume of 

polyimide and the oxide oxygen peak area as a measure of the volume of 

cobalt oxide. By using formula weights for each component and assuming 

the density of each component to be as it is in the pure state



Table XII. Data for Film Surface Composition Calculations. 

  

  

Relative Volu Relative 
Polyimide XPS Counts? Ratio Surface Coverage® Tg( °C) 

PMDA/ODA 4,00/6.17 4.66 0.82 350 

BTDA/ODA 4.00/7.84 4.68 0.82 346 

BTDA/DDS 4.00/6. 16 6.16 0.86 278 

BDSDA/ODA 4.00/9.53 9.35 0.84 213 

BDSDA/DDS 4.00/4. 36 11.89 0.92 210 

4 imide oxygen/oxide oxygen, data normalized to 4.00 for imide oxygen 

> polyimide/Co0, 

c polyimide/(polyimide + Co30,)
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(1.42 g/cm* for polyimide [77], 6.45 g/cm? for Co304 {78]), the relative 

peak areas can be converted to relative volumes. The calculation is 

shown in Figure 32. Constant sampling depth (which is assumed) directly 

implies that the fractional surface coverage of polyimide is 0.82 and by 

difference the fractional surface coverage of cobalt oxide is 0.18 in 

the first 50-75 of the cobalt chloride doped PMDA/ODA polyimide film. 

Additional details are obtained from the variable temperature 

electrical resistivity determinations for the anhydrous cobalt chloride 

doped polyimides having a glass transition within the experimental 

region, at or below 250 °C. Those polyimides having a glass transition 

below 250 °C have an abrupt increase in surface resistivity of 1-2 

orders of magnitude in their glass transition region (Figure 22 B). 

During a cooling cycle, one of two possible variations in the 

resistivity-temperature profiles are observed. Some samples show no 

hysteresis; that is, the heating and cooling cycle resistivity data 

superimpose. In these samples, it is thought that there are pol ymer- 

filled gaps between conductive domains which, upon heating, expand, and, 

upon cooling, contract, causing the resistivity to reversibly increase 

and decrease, respectively. Other samples show severe hysteresis. The 

first cooling cycle resistivity data is significantly higher than that 

of the first heating cycle, and subsequent heating-cooling cycles 

superimpose. In these samples, it is thought that the oxide layer is 

initially very continuous. Upon heating through the polymer glass 

transition region, the mismatch in thermal expansion coefficient causes 

the initially continuous oxide to become permanently discontinuous and 

of higher resistivity. All these data were combined to give a schematic
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cmP I = imide oxygen 6.45g/cm°0Xx FW PI 

cm°0X oxide oxygen 1.42g/cm*PI 241g mole” ‘0X 

4 mole oxide oxygens mole PI 

mole OX 4 mole imide oxygens 

cm0Xx oxide oxygen 53.1 

where PI is polyimide and OX is oxide. For example, the cobalt modified 

PMDA/ODA polyimide yields 

4.66 cmPMDA /ODA 4.00 382 
3 cm C030, 6.17 53.1 

Assuming a two component system and constant XPS sampling volume 

cm? PI + cm? OX = constant. Thus: 

4.66 cm~ PMDA/ODA 
wn retnrarrtctnnne implies 
1.00 cm C030, 

4.66 cm~ PMDA/ODA 

Figure 32. Calculation of the Volume Fraction of Cobalt Oxide in Cobalt 
Chloride Doped Polyimide Films.
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representation of metal ion modified polyimides. The model (Figure 33) 

contains four regions: 

1. polymer overlayer 

2. oxide rods 

3. oxide domains 

4. ion modified bulk polymer 

The formation of this structure might be explained by the following 

mechanism. The films undergo a substantial reduction in thickness upon 

curing; being cast at 410 um and attaining a final thickness of only 

about 34 um. A substantial increase in bulk concentration of cobalt 

chloride must therefore occur. Because DMAC, the casting solvent, has a 

higher dielectric constant (37.78 at 25 °C) than the polymer matrix (3.2 

at 25 °C and 20% R.H.), the air-side of the film may be especially rich 

in cobalt chloride during solvent loss. The cobalt chloride 

concentration gradient established between the surface and the bulk can 

be reduced by back migration of the cobalt chloride if the polymer 

matrix allows sufficient mobility. Thus, regardless of final film 

thickness, the cobalt concentration should seek to level. This is the 

case if the modified films are cured in a nitrogen atmosphere where 

oxidation to Co(II) is prevented, in contrast to curing in an air 

atmosphere. With lower Tg polyimides, cobalt chloride can more easily 

back-migrate during curing. However, in an oxygen-containing 

atmosphere, back-migration is impeded because of formation of C020); 

thereby causing cobalt to be retained at or near the polyimide surface. 

Precedence for formation of C030, from various cobalt(II) salts below 

300 °C has been previously documented by thermogravimetric analysis and
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Figure 33. Schematic Representation of Cobalt Chloride Doped Polyimide 
Films Cured in Air to 300 °C.
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Magnetic susceptibility measurements [79]. Solvent migrating out of the 

film more quickly than the cobalt chloride should result in precipitated 

cobalt chloride within the bulk of the film. 

C. Electrical Representation of the Structural Model 

Based on the proposed general schematic of air cured cobalt 

chloride doped polyimide films, an equivalent electrical circuit was 

developed (Figure 34). The polyimide film is a highly anisotropic 

structure containing an overlayer, an oxide layer, and an ion modified 

bulk polymer layer. In the volume mode, the magnitude of the field 

induced current is dependent on the electrode geometry, the applied 

voltage, the thickness of each layer, the composition of each layer, and 

the bulk resistivity of each component. The expected volume mode 

resistance of each layer can be calculated by rearranging the 

resistivity equation: 

p, = RYA/I 

where py = volume resistivity, ohm cm 

Ry = volume resistance, ohm - 

A = effective electrode area, cm? 

1 thickness of a layer, cm 

For the Keithley 6105 Resistivity Adapter, A = 22.9 cm. 

The resistance of a clean polyimide overlayer, estimated as 650 A 

thick, is: 

(1 x 1918 ohm cm)(6.50 x 107° cm) 
Ro = annwen en ewnnwewecce gee wen enwnsone 

V 22.9 cm® 

ll 
RY = 2.8 x 10°" ohm = Ry



94 

  

  

  

          

TOP 

ELECTRODE 

VOLUME MODE 

Rs 

SURFACE MODE Rs2 
at _ 

Ret 
—— V/V 

Ree . 

Res 
=f \hA/- 

Rss @Rse Rs3 2Rs4 

BOTTOM GUARD 

ELECTRODE ELECTRODE 

Figure 34. Electrical Representation of Cobalt Chloride Doped 
Condensation Polyimide Films.
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Similarly, the expected resistance of a cobalt oxide layer (bulk 

resistivity = 1 x 107 ohm cm, 1350 A thick) is 5.9 x 1073 ohm, Ro, and 

the expected resistance of the bulk polymer (30 um thick) is 1.3 x 19/4 

ohm Ry. 

During a volume mode resistivity determination, each layer acts in 

series. Therefore, the effective resistance of the three resistances is 

14 ohm or a resistivity Rafe = Ry + Ro + R3 which yields Roe = 1.3 x 10 

of 9.9 x 19/7 ohm cm. The experimentally determined resistivity for an 

air cured anhydrous cobalt chloride doped polyimide film sample was 2.5 

X 1018 ohm cm. This volume mode d.c. electrical resistivity is close to 

the value expected for a nondoped 30 um thick BDSDA/ODA film. 

The resistivity of an n-layer stratified structure can be 

calculated using the general equation: 

py = Tp ,8,/0h, 

where Py = structure volume resistivity, ohm cm 

p; = bulk resistivity of the yuh layer, ohm cm 

§. = thickness of the jth layer, cm 

The model explains why the presence of a metal or metal oxide deposit 

either at or near the surface will not alter the volume mode d.c. 

electrical resistivity of the structure unless the deposit is both of 

very low resistivity and very thick in relationship to the overall 

structure. Furthermore, identical d.c. volume mode electrical 

resistivity data are predicted regardless of the order in which the 

strata are assembled. This is observed to be true for these metal ion 

modified films because the same volume resistivity is determined (with 

either the air-side or the glass-side facing the bottom electrode).



96 

In contrast to the volume mode d.c. electrical resistivity, the 

surface mode resistivity is strongly influenced by the details of the 

schematic mode. The resistivity determined with the Keithley 6105 

Resistivity Adapter in the surface mode is described by the equation: 

Po = 53.4 R, 

where Pp. = surface resistivity, ohm 

R. = surface resistance, ohm 

53.4 = surface mode cell constant 

If one can measure or estimate the thickness of a particular resistive 

layer, one can estimate the bulk resistivity of that layer using the 

equation: 

DO 
”
 

il 93.4 Roh 

bulk resistivity of a layer, ohm cm = _
 

@o
 

—
s
 

@
 Oo 

wn
 

ib 

yo
 i thickness of a layer, cm. 

It is assumed that although the overall structure may be highly 

anisotropic, the individual strata are chemically and electrically 

isotropic. That is, it is assumed that a particular layer has the same 

electrical properties as the electrical properties of bulk material of 

the same chemical composition (i.e., Por = Pye In the surface mode, 

the calculated resistance of a particular layer is simply: 

R, = p.1/53.48 

The 650 A thick overlayer has an effective surface resistance of 2.9 x 

21 10°" ohm, the 1350 A thick oxide layer has an effective resistance of 

1.4 x 107 ohm, and the bulk polymer has an effective resistance of 6.2 x 

1048 ohm.
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Because the top electrode is at ground potential during a surface 

mode measurement, there will be current flow from the guard electrode to 

the top electrode to an extent that depends on the effective resistance 

of each layer. The effective electrode cross sectional area for current 

flow from the guard ring to the top electrode is 

(nr op OD - wr ard Ip 7 20 cm). This volume mode resistance to 

current flow is therefore R = p, £/20. Note that this is similar to a 

conventional volume mode resistivity determination except for the 

2 instead of 22.9 cm?) . Calculated smaller electrode area (i.e., 20 cm 

resistance values are shown in Table XIII. Based on this data, it is 

apparent that in the surface mode, the current passes through the 

overlayer toward the top electrode, through the oxide layer, and finally 

back out through the overlayer to the bottom electrode (Figure 35). 

Thus, the surface resistivity, instead of being 7.5 x 108 ohm (no 

13 
overlayer) is predicted to be 3.3 x 10°~ ohm. The actual resistivity, 

measured at 25 °C, was 7.4 x 10+ ohm. The general equation for the 

apparent resistivity of a low resistivity layer covered with a thin 

insulating layer is: 

20 93.42% 22.9 
2 

It is found that the overall thickness of the structure has no direct 

influence on the surface electrical resistivity. However, an overlayer 

of polymer drastically influences the measured d.c. surface resistivity. 

The model can be probed further by predicting the experimental 

results obtained by placing the sample between the electrodes with the 

glass side facing the bottom electrode. If the top electrode is
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Table XIII. Calculated Resistance of Each Layer within a 
Cobalt Chloride Modified Polyimide Film 

in Each Measurement Mode. 

  

  
  

From Guard To Bottom To Top 

through bulk 6.2 Xx 1048 Q 1.5 x 10)4 Q 

through oxide 1.4.x 10’ 9 6.8 x 1072 9 

through overlayer 2.9 X 10%! 2 3.3 X io! Q 

From Top 

14 
through bulk 1.3 x 10°" Q 

through oxide 5.9 x 107% 2 

through overlayer 2.8 xX iott Q  
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Figure 35. Predicted Current Flow for a Surface Conductive Film 
Containing a Polymer Overlay.
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electrically isolated from the bottom and guard electrodes, current 

should flow through the polymer (which is now an overlayer 300,000 A 

thick). The surface resistivity is predicted to be: 

53.4 (1.5 x 1044 + 1.4 x 107 + 1.3 x 10!4) = 1,5 x 1018 ohm 
The actual value, obtained from the experiment, was 3.1 x 10/4 ohm. 

Finally, instead of comparing only observed and expected room 

temperature surface d.c. electrical resistivity, it is interesting to 

look at the variable temperature resistivity data (Figure 36). First, 

analysis of the air-side of a cobalt chloride doped BDSDA/ODA polyimide 

film shows that the air-side has low resistivity and a low slope to the 

resistivity-temperature profile (Figure 36 A). There is a transition 

noted near 200 °C, the approximate glass transition temperature of this 

polymer. Analysis of the glass side of this film shows high resistivity 

and a change in slope of the resistivity-temperature profile (Figure 

36 B) similar to that seen in Figure 36 A. This large change in slope 

observed during a glass-side analysis is expected, based on the 

Similarities between the glass-side and volume mode electrical 

characteristics. 

It is the final evaluation of this film that is really interesting. 

At that point, the glass-side was analyzed, but the air-side was 

isolated from the top electrode (Figure 37). This basically simulates 

an overlayer on the air-side of about 300,000 A, the film thickness. As 

a result, the "glass-side" resistivity is intermediate in behavior 

between that of a conventional air-side and conventional glass-side 

evaluation, as expected.
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Variable Temperature Surface Electrical Resistivity of a 
Cobalt Chloride Doped BDSDA/ODA Polyimide Film. 
(A) Conventional Air-Side Analysis; (B) Conventional Glass- 
Side Analysis; (C) Glass-Side Analysis with Top Electrode 
Isolated.
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Based on these data, it was realized that there are four methods 

whereby the surface resistivity can be reduced using the general 

procedure of metal salt incorporation with subsequent thermal 

conversion. First, one can work toward increasing the thickness and/or 

connectedness of the conductive layer. This may be what has occurred 

with the higher additive levels in the BDSDA/ODA polyimides (Chapter V). 

Second, one can attempt to form a codoped oxide, since a codoped oxide 

(lattice substitution) often has markedly reduced bulk resistivity 

compared to the pure oxide. The codope approach is discussed in Chapter 

VII. Third, there is such a large range in the bulk resistivity of 

metal oxides (Figure 38) that one could, with comparable metal oxide 

thickness, obtain materials having surface resistivities spanning more 

than 10 orders of magnitude. For example, a comparable thickness 

surface deposit of tin(IV) oxide would be a million times more 

conductive than cobalt oxide (Co,04) (Chapter VII). Finally, one must 

minimize the polymer overlayer to maximize the enhancement of surface 

electrical properties.
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OXIDE RESISTIVITY, ohm cm 

Nio 1x 10!3 

Cu,0+— 1x 109 

—~ PbO 1x 10? 

CoO 1x 108 

coocel 1x 104 

Cud —_—_ 1x 107 -1x 10° 

PdO 1x 109-1x 10° 

SnO, 1x 10° 

s PbO» 1x 107% 

IrO, 5 x 1072 

Figure 38. Bulk Resistivities of Various Oxides (20-27 °C).



CHAPTER VII 

COMPARISON BETWEEN ANHYDROUS COBALT CHLORIDE AND 

TIN DICHLORIDE DIHYDRATE DOPED CONDENSATION POLYMERS 

A. Preliminary 

Polyamic acid solutions (polyimide precursors) doped with either 

anhydrous cobalt(II) chloride or tin(II) chloride dihydrate and cast on 

glass plates yield highly anisotropic structures having distinct air- 

Side, glass-side, and volume mode (bulk) properties. Room temperature 

direct current electrical resistivity is considerably decreased relative 

to the nondoped polyimide for the air-side, but the glass-side and bulk 

resistivities are only slightly reduced. Charge-time profiles indicate 

a substantial polymer matrix contribution to both the glass-side and 

volume mode measurements but a minimal contribution to the air-side 

properties. At a constant applied field, the electrical resistivity for 

each measurement mode decreases with increasing temperature as expected 

for semiconductors and insulators. X-ray photoelectron spectroscopy 

indicates the presence of metal oxide near the air-side. Near-surface 

metal enrichment and metal oxide formation were found to be dependent on 

processing conditions and, in turn, critically influenced electrical 

properties. Electrical, thermal, and spectroscopic data obtained on 

cobalt(II) and tin(II) doped systems are compared and contrasted in this 

chapter in order to document these conclusions. 
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B. General Properties 

Condensation polymerization of BIDA with ODA results in yellow 

polyimide films having good flexibility and high thermal stability 

(Table XIV). Incorporation of anhydrous cobalt(II) chloride or tin(II) 

chloride dihydrate into the polyamic acid solution with subsequent 

thermal processing results in brown or yellow films having modified 

mechanical and thermal properties. In the case of the cobalt chloride 

doped polyimides cured in nitrogen, dry air, or moist air, thermal 

Stability is reduced 60°-90°C, whereas tin(II) comparably doped 

polyimides cured in similar atmospheres actually have increased thermal 

stability up to 0.47 atom percent tin (0.47 atom percent corresponds to 

1.0 mmole additive to 4 mmole each monomer, 1X film). Thermal stability 

is reduced slightly (38 °C) upon incorporation of more than 0.47 atom 

percent tin. When the additive level exceeds 2X, both the cobalt and 

the tin doped condensation polyimide films are brittle, regardless of 

cure atmosphere. 

C. Volume Mode Electrical Properties 

Volume mode charge versus time and current versus time responses 

of metal ion modified polyimides indicate three regions: instantaneous 

polarization (<5 sec), time dependent polarization (~5-30 sec), and d.c. 

conduction current (>2 min). The instantaneous polarization can be used 

to estimate the dielectric constant of the polyimide, the second region 

indicates polymer matrix relaxation, and the third region can be used to 

determine the volume mode d.c. electrical resistivity. In general, the 

volume mode response of the films is characterized as dielectric in



Table XIV. 
Tin Dichloride Dihydrate Doped, and Nondoped BIDA/ODA 
Polyimide Films Cured in a Forced Laboratory Air Oven. 
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General Properties of Anhydrous Cobalt Chloride Doped, 

  

ADDITIVE LEVEL COLOR FLEXIBILITY Ppt? 

Coll, 4.00x Brown Brittle 463 
2.00x Brown Brittle 479 
1.00x Brown Flexible 492 
0.50x Brown Flexible 489 
0.25x Yellow Flexible 474 

None 0.00x Yellow Flexible 553 

SnC1,°2H,0 0.25x Yellow Flexible 580 
0.50x Yellow Flexible 579 
1.00x Brown Flexible 560 
2.00x Yellow Flexible 515   

a Polymer Decompositon Temperature - Temperature corresponding to 10% 
weight loss in dynamic air.



108 

nature with loss and conduction (Figure 39). The charge time profiles 

indicate that, compared with a nondoped control, both polymer relaxation 

(curvature in the charge-time profile) and d.c. conduction (slope of the 

charge-time profile) are changed substantially for doped polyimide films 

(Figure 39). The curvature in the charge-time profiles suggests that in 

subsequent analysis of bulk electrical properties, the polymer should 

make a measurable contribution. 

Room temperature d.c. electrical resistivity data for cobalt 

chloride and tin chloride doped and nondoped BTDA/ODA polyimide films 

are shown in Table XV. The room temperature volume mode d.c. electrical 

resistivity is slightly reduced with each additive but more so for the 

tin chloride doped than for the cobalt chloride doped BIDA/ODA 

polyimide. However, only at additive levels of 2X or greater are the 

volume mode resistivities substantially reduced relative to the control. 

e sn*?, H") in the bulk of the polyimide films may Ions (e.g, C17, Co” 

be responsible for the reduced volume mode resistivity [70]. 

Conductivity is described by the equation 

o=}ni ey wy 

where: a, = number of jth charge carriers, cm 

e, = charge of jen carrier, C 

Us = mobility of jon charge carrier, cmey7 4571 

At comparable additive levels and in a matrix of a given dielectric 

constant the value of Ng and Ne should be comparable. While, Wc, n++ o++ 

is equal to @cg as doped (both +2), partial oxidation of some tin(II) to 

tin(IV) would yield greater charge transport (and lower resistivity) per 

charge carrying species than Co(II) which has only been partially
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Figure 39. Comparison of Volume Mode Charge-Time Profiles for Cobalt 
Chloride and Tin Dichloride Dihydrate Doped BTDA/ODA 
Polyimide Films with a Nondoped BTDA/ODA Polyimide Film. 
(a) nondoped; (b) 1x Cobalt Chloride; (c) 2x Cobalt 
Chloride; (d) 1x Tin Dichloride Dihydrate.
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Direct Current Volume Resistivity in Vacuum of Anhydrous 
Cobalt Chloride Doped, Tin Dichloride Dihydrate Doped, 

and Nondoped BIDA/ODA Polyimide Films. 

  

  

Log Resistivity (ohm-cm)> Activation (Kcal/mole)° 
Energy 

CoCl.- snCl,*2H,0- CoClo- snC1,°2H,0- 

Modified Modi fied Modified Modified 

Additive* 
Level T=25°C + T=150°C T=25°C =T=150°C 

0 ~18.00 16.82 ~18.00 16.82 --- -<- 

0.25 “17.00 17.50 “17.00 ~17.64 --- “-- 

0.5 16.67 16.29 16.07 14.61 33.3 27.5 

1 ~17.00 16.87 16.18 14.20 19.4 28.9 

19 12.24 ~17.00 --- eee --- --- 

2 15.45 14.07 14.06 12.84 34.2 32.3 

4 14.80 14.56 No Sample 19.5 No Sample 

a 
5 Number of moles of additive per 4 moles polyimide repeat unit. 

100 VDC applied, measurement time >5 minutes, first heating cycle. 

d 
Region evaluated, 145° to 200°C, first heating cycle 
Film cured in nitrogen atmosphere.
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oxidized to Co(III). This ideally predicts greater conductivity in 

tin(II) doped films but only by a factor between one and two however. 

Furthermore, we have no assurance that the state of the metal in the 

bulk of the film is the same as the state of the metal observed at the 

surface. In fact, limited depth profiling studies with XPS monitoring 

suggest that the bulk metal may retain the oxidation state of the 

precursor additive. The even greater reduction in volume resistivity 

occurring with tin chloride incorporation compared with cobalt chloride 

incorporation must then come about primarily from the difference in ion 

mobility. The ionic radii of Sn(II) and Co(II) are nearly identical 

[80], however, which leads one to speculate that the ion mobility as 

influenced by ion size should be comparable. Mobility is also strongly 

influenced by the microviscosity of the polymer host which in turn is 

related to polymer glass transition temperature. In general, the glass 

transition temperature of cobalt doped BIDA/ODA polyimide is about 60 °C 

greater than tin doped polyimide. Previously, it was shown that volume 

mode d.c. electrical resistivity is reduced an order of magnitude for 

every 65 °C reduction in condensation polyimide glass transition 

temperature (for comparable additive levels). Thus, tin doped 

polyimides which have Tg = 280 °C should be and are at least an order of 

magnitude more electrically conductive (volume mode) than polyimides 

comparably doped with cobalt chloride which have Tg = 335 °C. 

Previously it was noted, based on the room temperature electrical 

measurements, that there was little difference in the volume mode d. c. 

charging and resistivity of doped (at or below the Ix level) and non- 

doped polyimides. Elevated temperature volume mode electrical
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resistivity, however, reveals that for each of the metal ion doped 

samples, resistivity is significantly reduced compared with the control 

(Table XV). Again, the reduction is greater for tin chloride doped 

compared with cobalt chloride doped BIDA/ODA polyimides. Examples of 

variable temperature electrical resistivity profiles (volume mode) are 

shown in Figure 40. The availability of variable temperature data 

allows one to calculate an overall activation energy for conduction. It 

appears for the volume mode that in narrow temperature regions (i.e., 

145-200 °C) the activation energy for conduction follows the equation 

p = p exp(E,/RT) 

where: p = resistivity ohm cm 

P, = a constant, ohm cm 

Ea? activation energy for diffusion, Kcal mole! 

R = gas constant, Kcal mote7 +7! 

T = absolute temperature, K 

That is, volume mode conduction is primarily limited by diffusion of the 

ionic charge carriers, whatever their nature, which is similar to the 

observations of Sacher [74] regarding protonic conduction in Kapton and 

poly(ethylene-terephthalate) and to Barker and Thomas regarding 

conduction in halide doped cellulose acetate [70]. In this work it is 

found that in the volume mode, EG is greater than about 20 Kcal/mole 

(Table XV) which is expected for ionic conduction in a low dielectric 

constant matrix based on theoretical considerations [75]. 

A comparison of the temperature cycled volume mode variable 

temperature electrical resistivity profiles indicates that both the 

anhydrous cobalt chloride and the tin dichloride dihydrate doped
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BTIDA/ODA polyimides have some hysteresis insofar as resistivity is 

concerned. For example, the first heating cycle (250 °C to 60 °C) and 

second heating cycle agree to within about 0.3 logig units in the case 

of the cobalt chloride doped polyimide film, whereas for the tin cobalt 

chloride doped polyimide film, the data differ by about two orders of 

magnitude (Figure 41). It is observed that the d.c. electrical 

resistivity is higher during the second heating cycle. Also, the two 

profiles, except for the y-axis shift of 100 ohm cm, are nearly 

identical. It is postulated that the decreased bulk resistivity for tin 

doped BTDA/ODA polyimide film was due in part to mobile residual Sn** 

originating from the tin dichloride dihydrate additive. Temperature 

cycled analysis results in substantial hysteresis due to partial Sn 

depletion from the bulk. Because ionic conductivity requires mass 

transfer, an experiment to substantiate the depletion of tin ion from 

the bulk was designed. 

A clean, nonmodified DuPont Kapton polyimide film was positioned 

between the top electrode and a tin(II) modified BIDA/ODA polyimide film 

in the three electrode test cell. After temperature cycled analysis (2 

cycles) up to 250 °C, the Kapton spacer was removed and analyzed by 

ESCA. ESCA revealed that the Kapton spacer surface contained only 59, 

0.4, and 0.7 atom percent carbon, nitrogen, and oxygen, respectively, 

with the balance being tin (40 atom percent). It appears that tin is 

being swept from the sample by the d.c. field and is deposited on (or 

within) the Kapton spacer where it is subsequently electrochemical ly 

reduced. The low oxygen concentration suggests that the tin is not very 

extensively oxidized since tin/oxygen ratios of between 1 and 0.5 are
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expected for tin(II) oxide and tin(IV) oxide, but a ratio of about 57 is 

actually observed. 

D. Surface Mode Electrical Properties 

The air-side charging characteristics are markedly different from 

the volume mode charging characteristics of doped and nondoped BIDA/ODA 

polyimide as well as from the surface charging characteristics of 

nondoped BIDA/ODA polyimide. As shown in Figure 42, a small amount of 

charging may be seen but a substantial amount of d.c. conduction current 

is observed. No short term current loss occurs in the samples implying 

little or no direct contribution from the polymer matrix to the air-side 

electrical properties. A model, previously set forth to explain the 

d.c. electrical (volume and surface) properties and surface 

spectroscopic properties (XPS and AES), of a variety of cobalt chloride 

modified condensation polyimides [81] represents the sample as four 

distinct regions (Figure 33). The space between conductive oxide 

domains (layer 3) and the presence of the polymer overlayer (layer 1) 

are responsible for the surface instantaneous charging current observed 

in some samples. The instantaneous charging current may be an indirect 

measure of the overall "connectedness" of the oxide. Conclusive 

evidence for this notion has not yet been obtained. 

The air-side electrical resistivity of BIDA/ODA polyimide is 

reduced substantially for cobalt modified and tin modified samples 

(Table XVI). The reduced air-side resistivity is believed to be due 

primarily to the formation of layer #3 during the thermal 

cyclodehydration reaction occurring in the metal ion modified polyamic
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Figure 42. Typical Air-Side Charge-Time Profiles of Nondoped (A) and Cobalt Chloride Doped (8 = Lx, C = 2x) BTDA/ODA Polyimide Films. Tin Dichloride Dihydrate Doped BTDA/ODA Polyimide Films are too Conductive to Obtain Charge Time Profiles with the Equipment Used.
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acid solution. The solubility of the ionic additive is greater in the 

solvent (DMAC, e = 37.78 at 25 °C) than it is in the polymer matrix 

(e ~ 3.2 at 25 °C). As solvent leaves the polymer it brings metal salt 

near the polyamic acid/polyimide film surface. Continued loss of 

solvent results in metal salt precipitation near the polymer surface. 

As polyimide formation proceeds further the matrix glass transition 

temperature increases and under an appropriate atmosphere, metal salt is 

converted to metal oxide and trapped near the film surface. A balance 

between back migration of residual ions into the polymer due to the 

concentration gradient and stress gradient established in the polymer 

film and the conversion of metal additive to oxide near the surface is 

thought to determine the resulting thickness and spatial distribution of 

the oxide. 

Electrical resistivity and charging characteristics alone are not 

sufficient to prove near-surface enrichment of metal ion or metal oxide. 

Auger electron argon-ion depth profile experiments were performed from 

the air side and from the glass side to assess the elemental 

distribution within the samples. A relatively large signal for cobalt- 

and tin were observed on respective air-side surfaces to support the 

supposition that near-surface enrichment of metal ion or metal oxide is 

responsible for the reduced air-side electrical resistivity. 

X-ray photoelectron spectroscopic analysis was used to determine 

the chemical state of metal species near the polymer air-side. 

Generally, anhydrous cobalt chloride is found to have been converted to 

C030, and tin(II) chloride dihydrate to Sn05- The oxide formation is, 

however, very sensitive to process conditions. Based upon this
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observation we surmised that the variation in electrical resistivity for 

various additives or additive levels (Table XVI) may not follow a clear 

trend because these films were prepared in forced laboratory air or 

static air ovens in which relative humidity is variable and the films 

are subjected to the volatile contaminants that may be in the laboratory 

during the preparation. In part for these reasons, an inert atmosphere 

Oven was modified to allow for a dry air purge or moist air purge. 

Proof that cure atmosphere influences electrical properties is evidenced 

by the data of Table XVII. For example, in the case of cobalt chloride 

doped BTDA/ODA polyimide film, a moist air cure produces the lowest air- 

side electrical resistivity, while curing in dry air or nitrogen 

produces the highest surface resistivity films (Figure 43). The 

electrical properties of dry air and moist air cured tin dichloride 

dihydride doped BTDA/ODA polyimides are also sharply different (Figure 

44). In contrast to cobalt(II) modified polyimides, the moist air cured 

tin(II) modified polyimide had the highest resistivity compared with dry 

air or lab air cured films. 

The fact that dry air or moist air produces films having very 

different electrical charactristics substantiates the need for good 

atmosphere control and is interesting in view of X-ray photoelectron 

Spectroscopic data. The binding energy values of the photopeaks for 

each element in dry air and moist air cured films are nearly identical, 

as are the peak shapes. Thus, the change in electrical properties is 

being influenced not by the type of oxide formed during the thermal cure 

but by the distribution of the metal oxide within the host polymer. It 

is clear from the atomic composition data (Table XVIII) obtained from
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Table XVI. Direct Current Surface Resistivity in Vacuum of Anhydrous 
Cobalt Chloride Doped, Tin Dichloride Dihydrate Doped, 

and Nondoped BIDA/ODA Polyimide Films. 

  

  

Log Resistivity (ohm)? 

og CoC] 4-Modified SnC14°2H,0-Modified 
Additive Curing 
Level T=25°C T=150°C T=25°C T=150°C Atmosphere 

0 ~16.50 15.96 “16.50 15.96 Lab. Air 

0.25 --- --- 15.69 15.27 Lab. Air 

0.5 16.50 16.50 14,57 12.45 Lab. Air 

1 16.70 15.23 13.69 9.66 Lab. Air 

1 >17.00 >17.00 --- --- Nitrogen 

2 15. 32 12.35 --- --- Lab. Air   
2 Number of moles of additive per 4 moles polyimide repeat unit. 

b 100 VDC applied, measurement time >5 minutes, first heating cycle.
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Table XVII. Direct Current Surface Resistivity in Vacuum of Anhydrgus 
Cobalt Chloride Doped and Tin Dichloride Dihydrate Doped BTDA/ODA 

Polyimide Films Cured in Dry Air, Moist Air, and Nitrogen. 

Cure log Surface Resistivity? Activation Energy 
Atmosphere ohm (eV) 

CoCl, snC1,*2H,0 CoCl, snC1,°2H,0 

  

T=25°C §=T=150°C = T=25°C = T= 150°C 

  
Lab Air 16.70 15.23 13.69 9.66 

Dry Air 16.22 15.27 5.76 5.04 0.74 0.05 

Moist Air >17.50 12.73 10.21 9.31 1.01 0.44 

Nitrogen >17.00 >17.00 --- --- 

9 Additive level constant; 1 mmole additive per 4 mmoles repeat unit 

b +100 voc applied, for T=25°C measurement time >5 minutes 
for T=150°C measurement time >85 minutes vacuum, 
air-side 

© Activation energy determined from log resistivity versus 1/T plots
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Table XVIII. Atomic Composition of Anhydrous Cobalt Chloride Doped 

and Tin Dichloride Dihydrate Doped BTDA/ODA Polyimide 

Films? Cured in Dry Air and Moist Air. 

  

  

CoCl, Doped snC1,°2H,0 Doped 

Dry-Air Moist Air Dry Air Moist Air 

Element XPS RBS XPS RBS XPS RBS XPS RBS Theoretical 

C 57.7 60.0 46.2 72.3 24.8 22.8 31.2 63.6 76.8 

0 25.2 16.5 28.6 12.4 34.6 50.6 35.5 15.1 15.9 

N 2.3 15.6 1.9 6.8 2./ == 0.4 10.1 5.3 

Cl 14 0.9 1.6 0O.9 0.5 -- 0.9 5.0 1.3 

Metal Ion | 13.0 7.0 21.8 8.5 37.4 26.6 32.1 6.1 0.7 

4 Additive level constant; 1 mole additive per 4 moles repeat unit 

b Theoretical elemental composition based on uniform distribution of 
the additive in a completely imidized and completely desolvated 
polyimide film.
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XPS (first 70-100A) and Rutherford Backscattering Spectroscopy (RBS) 

(first 300-350 A) that the near surface region of the modified polyimide 

film is not just polyimide. The near surface region contains an 

appreciable amount of metal oxide based on the presence of metal 

photopeaks and an oxygen concentration greater than would be expected 

for the polymer alone. Further, the oxygen photopeak of metal-ion 

modified polyimides is an obvious combination of two main types of 

oxygen; organic and oxide. For a nondoped BIDA/ODA polyimide film the 

air-side XPS oxygen photopeak is about 2.4 eV wide, being composed of 

both imide oxygen and ether oxygen signals. Upon incorporation of 

cobalt chloride and subsequent thermal processing the air-side photopeak 

is about 3.6 eV wide and has an obvious distinct new type of oxygen 

photopeak occuring at lower binding energy due to oxide. This near- 

surface region being probed by XPS and RBS corresponds to region #1 of 

the model (Figure 33). The XPS and RBS results shown in Table XVIII are 

in good agreement with each other in view of the different sampling 

depths. Also, by both techniques it is clear that the resulting film is 

highly anisotropic with an air-surface enrichment of metal 18 to 53 

times greater than that expected for uniform distribution of the 

additive within the polyimide matrix. 

The conversion of metal halide to metal oxide during thermal 

imidization may be envisioned to proceed via initial hydrolysis (Eq. 1) 

then thermo oxidation-dehydration of the resulting hydroxide (Eq. 2). 

CoCl, + 2H,0 -> Co(0H), + 2HCl (la) 

sacl, + 2H.0 => Sn(0H)» + 2HCl (1b)
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A 
6Co(0H)., + 05 => 2000, + 6Ho0 (2a) 

2 Sn(0H), + 0, A, 2 Sn, + 2H,0. (2b) 

In view of this reaction sequence two points are worth considering. 

First, it may be possible to enhance step 1, depending upon when during 

the film processing the moist air purge is started. Second, it is very 

likely that the thermal conversion of polyamic acid to polyimide 

influences oxide formation due to the release of two moles of water from 

each mole of polyamic acid repeat unit. One can also speculate that the 

water released during the thermo-oxidation of the additive may, in turn, 

influence the cyclodehydration of the amic acid units. In fact, Varma 

and coworkers {26] report that the cyclization reaction was inhibited in 

films containing sncl, as indicated by thermogravimetry. We too have 

observed a similar chemical synergism in sncl,°2H.0 doped BIDA/ODA [82] 

using a modification of the derived derivative thermogravimetric (DDTG) 

[83] approach to analysis of complex mixtures (Figure 5 of reference 

82). Although a large variation is observed between the surface 

electrical resistivity of snCl,*2H,0 modified polyimide films cured in 

dry air and moist air, in no case was a transluscent or milky appearance 

observed as has been reported by other workers [84]. 

The apparent activation energy for electrical conduction on the 

air-side is lower for tin chloride doped than for the cobalt chloride 

doped polyimide films regardless of cure atmosphere (Table XVII). 

However, from the variable atmospheres employed it is clear that the 

apparent activation energy covers a wide range of values. We believe
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the distribution of the metal oxide within the host polymer is the 

primary reason for the variation of activation energies. That is, the 

apparent activation energy is the activation energy for conduction both 

through the polymer overlayer and through the bulk metal oxide. The 

quantitative influence of the overlayer is not clear at this point and 

cannot be determined until the exact nature of both the overlayer and 

the oxide layer is obtained. 

Nevertheless, despite the physical, chemical and electrical 

complexities of the near-surface region of the metal ion modified 

polyimide films, the air-side yields an apparent activation energy for 

conduction which is quite linear over the whole temperature range 

investigated. The low and single valued apparent activation energy for 

conduction, the surface charging characteristics, and the chemical 

nature of the air-side based on XPS, RBS, and AES data, support the 

notion that the air-side conduction is predominately electronic (not 

ionic as is the volume mode). Furthermore, we have observed air-side 

resistivity temperature profiles similar to the profiles observed for 

polymers filled heterogeneously above the percolation threshold with a 

conductive component. That is, as the sample is heated through the 

glass transition the surface resistivity actually increases. The 

interpretation for this phenomenon in our system is that electronic 

conduction is occuring in the oxide semiconductor with tunneling through 

the polyimide between oxide domains. The polymer expands as it passes 

through the glass transition region thereby increasing the resistance 

between domains, an effect proven to be reversible by monitoring the 

resistivity profiles during several heating-cooling cycles and an effect
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much too large to explain on the basis of Ohm's Law. Thus, the air-side 

conduction is described by the equation 

p= p exp(E ,/2kT) 

where: p = resistivity, ohm 

Py = constant, ohm 

EG = band gap, eV 

k = gas constant, eV Kl 

T = absolute temperature, K 

Since the carrier concentration of an intrinsic semiconductor varies 

with temperature as 

  

  

n= ats/e exp (-E | /2kT) 

and p = ! 
neu 

AT73/ exp (E_/2KT) 
it follows that p = d 

eu 

Because the temperature range investigated was between 25 and 250 °C the 

at 3/2 
preexponential term, eu » varies by only a factor of 2.3 (1773/2 

varies between 1.94 x 107? and 0.84 x 1074) resulting in 

9 = exp (E,/2kT). 

That this equation applies to the surface conduction of the metal ion 

modified polyimide films is not unexpected since cobalt oxide [65], 

C0305 and tin oxide [85], Sn055 are both intrinsic semiconductors.



CHAPTER VIII 

A CONDENSATION POLYIMIDE CODOPED WITH ANHYDROUS COBALT CHLORIDE 

AND ANHYDROUS LITHIUM CHLORIDE 

A. Preliminary 

Polyimides, due to their high thermal stability, excellent chemical 

stability, and useful mechanical properties are utilized in aerospace, 

electronic, and specialty consumer markets. Though normally the 

polyimides are used because of their high electrical resistivity in some 

applications (conductive adhesives and inks, EMI and RFI shielding) low 

electrical resistivity is desirable. Toward this goal polyimides have 

been modified with metal salts and metal complexes. Depending upon the 

processing conditions ionic species uniformly distributed throughout the 

bulk of the film or highly anisotropic structures containing near- 

surface metal or metal oxide are obtained. In this study the surface 

conductivity of a polyimide containing surface cobalt has been increased 

by utilizing codoping techniques. Data pertaining to cobalt chloride 

doped and cobalt chloride/lithium chloride codoped condensation 

polyimides are presented. 

B. General Properties 

Polyimide films modified with metal salts and cured to a final 

temperature of 300 °C in air are generally colored but transparent, 

flexible, and strong and usually retain their high thermal stability. 

Data pertaining to the condensation polyimide films discussed in this 

chapter are shown in Table XIX. It appears that litnium chloride or 

129
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Table XIX. Physical Properties of Cobalt Chloride and 
Lithium Chloride Doped BTDA/ODA Polyimide Films. 

  

Air-Side 
Polymer System Film Thickness? Flexibility® Charging por? 

BTDA /ODA/CoC1 4/LiCI (um) Characteristics (°C) 

4/4/0/0 35.6 flexible dielectric 553 

4/4/1/0 38.9 flexible conductor 476 

4/4/1/.005 33.5 Flexible conductor 477 

4/4/1/0.05 36.1 flexible dielectric 476,473 

4/4/1/0.5 33.5 flexible conductor 464 

4/4/0/1 31.0 brittle conductor 488   
4 Number of moles of each component charged to the reactor 

b Average of five measurements 

© Qualitative fingernail crease test 

d 10% mass loss, polymer decomposition temperature
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cobalt chloride incorporation does decrease the thermal stability of the 

polyimide slightly compared with the nondoped control. For comparable 

additive levels cobalt chloride decreases the thermal stability more 

than lithium chloride, and the codoped film having the highest lithium 

chloride content has the lowest stability. It is not clear if cobalt 

chloride and lithium chloride are acting synergistically to reduce the 

polyimide thermal stability or if the lower thermal stability of the 

codoped polyimides is due to the higher overall ionic content in the 

codoped versus singly doped films. 

C. Electrical Properties 

Room temperature direct current electrical resistivity values were 

determined via the three probe guarded technique by measuring the 

current resulting from application of a +100 VDC step. The measured 

current, applied voltage, cell geometry, and measured sample thickness 

permit calculation of the volume (bulk) or surface (air-side or glass- 

side) electrical resistivity. 

The room temperature electrical resistivity data obtained in air 

for each measurement mode indicate that incorporation of metal salts 

results in reduced electrical resistivity for each lithium chloride 

doped and codoped film (Table XX). In the case of the cobalt chloride 

doped film, only a reduced air-side resistivity is observed compared 

with the BTDA/ODA control. The measurements (in air) also indicate that 

the air-side resistivity is reduced more for the codoped films than for 

either of the singly metal-ion doped films. Additional details are 

obtained by analysis at room temperature in vacuum. It is obvious from
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Table XX. Resistivity of Lithium Chloride/Cobalt Chloride Codoped 
BIDA/ODA Polyimide Films at Room Temperature. 

  

  

log resistivity” 

Polymer System® Volume Air-Side Glass-Side 
BTDA/ODA/CoC1,/LiC1} (ohm cm) (ohm) (ohm) 

Air Vacuum Air Vacuum Air 

4/4/0/0 117.60 17.60 16.28 17.76 16.00 

4/4/1/0 17.61 16.57 12.55 12.55 16.07 

4/4/1/0.005 14.57. “17.4 12.00 12.91 12,54 

4/4/1/0.05 14.98 ~17.3 11.87. 15.01 15.99 

4/4/1/0.5 11.72 16.30 12.29 12.12 11.86 

4/4/0/1 14.41 = 17.16 14.06 >16.00 14,33 

9 Number of moles of each component charged to the reactor 

b +100VDC applied, measurement time 2 5 minutes, T=25°=27°C
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the data that the reduced volume mode electrical resistivity measured in 

air is not an intrinsic characteristic of the polymer but is instead a 

result of the sample measurement atmosphere. Absorbed volatile species, 

predominantly moisture (66,67,75], are thought to be responsible for the 

initially lower volume electrical resistivity. In support of this 

assignment, it has been demonstrated by microbalance techniques [86] and 

Fourier transform infrared spectroscopy [29] that lithium chloride doped 

BTDA/ODA films absorb water from the laboratory atmosphere. Similar 

results are also observed for the air-side of these lithium chloride 

doped and codoped (0.05 mole lithium level) films. 

Direct current electrical resistivity for the air-side and volume 

modes, evaluated in vacuum at elevated temperature allows more accurate 

Sample comparisons [87]. The first heating cycle in vacuum (Figure 45) 

indicates that each of the codoped samples has similar volume mode d.c. 

electrical resistivity (to within one-half order of magnitude). The 

resistivity (Figure 45) is, however, more than three orders of magnitude 

lower (at 250 °C) than that observed for a nondoped BTDA/ODA polyimide 

film. Due to the method of film preparation it is likely that the - 

decreased bulk resistivity is due to a larger number of charge carriers 

(a portion of dissociated metal salt) in the doped samples compared with 

the nondoped control. Very little hysteresis is noted when, for a 

particular sample, first heating-cooling and second heating-cooling 

profiles are compared. This implies that over the time range of the 

experiment (14.5 hours) the sample has not been depleted of bulk charge 

carriers. The qualitative nature of the volume resistivity-temperature 

profiles (decreasing resistivity with increasing temperature) for the
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modified polyimides categorizes them as semiconductors or insulators. 

The influence of moisture on the volume mode electrical properties 

implies that ionic conduction predominates. The activation energy for 

conduction, estimated from the slope of log resistivity versus 

reciprocal temperature plots supports ionic conduction in that the 

activation energy values obtained are always greater than 25 Kcal/mole, 

Table XXI. 

The qualitative nature of the air-side resistivity-temperature 

profiles (Figure 46) for the ion modified polyimides also categorizes 

them as semiconductors or insulators; whereas, the magnitude of the 

resistivity initially only categorizes them as insulators. These 

results seem to be inconsistent since, in general, no instantaneous 

polarization and no time dependent polarization current was observed 

(Figure 47). The air-side of the codoped film containing 0.05 moles 

lithium chloride was the only sample that showed initial polarization 

current (Figure 47 E). Polarization current is expected for this sample 

because the air-side variable temperature electrical resistivity profile 

has curvature (due to a polymer influence), and the resistivity for the 

sample is two to three orders of magnitude higher than that of the other 

two codoped specimens. The lack of dielectric response in the air-side 

charge-time profiles for the majority of these films suggests that the 

air-side is actually a semiconductor. The lower air-side electrical 

resistivity (compared with volume or glass-side) for cobalt chloride 

doped polyimides was previously explained in part by X-ray photoelectron 

Spectroscopic results which indicate the presence of a substantial 

amount of C030, on the air-side but a very low concentration of cobalt
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Table XXI. Activation Energies for Conduction in Cobalt Chloride and 
Lithium Chloride Doped BIDA/ODA Polyimides. 

  

  

Polymer System Volume Mode? Air-Side 
BTDA/ODA/CoC1 4/LiCI (Kcal/mole) (Kcal /mole) 

4/4/1/0 47.0 15.1 

4/4/1/0.005 34.2 (0.994) 15.8 (0.996) 

4/4/1/0.05 30.7 (0.996) 17.1 (0.997) 

4/4/1/0.5 32.7 (0.997) 13.7 (0.999) 

4 Number of moles of each component charged to the reactor 

> bata taken from the linear region below 250°C (log Pp, vs 1/T), first 

heating cycle. Numbers in parenthesis are r~, coefficient of 

correlation.
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on the glass-side for a variety of cobalt chloride doped films. Auger 

electron argon ion depth profiles support the notion that a high 

concentration of both cobalt and oxygen exists near the air-side of the 

film; while, on the glass-side only a small but constant concentration 

of cobalt and oxygen is revealed. The equation, py = p.°d> results in a 

calculated bulk resistivity of 1.51 x 10/ ohm cm for a cobalt chloride 

doped polyimide film based on a cobalt oxide thickness of 1350 A. The 

bulk resistivity of the surface oxide is therefore found to be 

numerically comparable to values for typical semiconductors. Koumoto 

and Yanagida [65] have measured the bulk electrical resistivity of Co,0, 

(99.99% purity) in the temperature range of 200 to 900 °C. 

Extrapolation of their data in the region between 200 and 320 °C (Figure 

8 
l of Reference 65) to 25 °C results in a value of 1.2 x 10° ohm cm which 

compares favorably with our calculated value for several films. Other 

workers report values of 10 ohm cm [88,89] for the bulk resistivity 

of C0204. Preparation technique, purity, method of analysis, and oxide 

structure may each influence the apparent bulk resistivity. Activation 

energy plots (Figure 48) for the air-side surface resistivity of cobalt 

chloride/lithium chloride codoped BIDA/ODA polyimides indicate that the 

activation energy for conduction is lower than 25 Kcal/mole supportive 

of electronic semiconduction, Table XXI. The average value for a series 

of cobalt chloride doped condensation polyimides was found to be 13.5 

Kcal/mole, in good agreement with the work of Koumoto and Yanagida [65] 

(0.451 eV, 10.40 Kcal/mole). 

Based on the electrical and spectroscopic data, a structural model 

(Figure 33) for the cobalt chloride doped polyimides was developed. The



140 

TEMPERATURE (°C) 

  

    

203 +162 ~«#127—~~=«977—=S 72) 8030S 43 
+ t t q T i T T 

° 

14.0 ° 
° 

° 

° 
° 

I3.0+T °° 
9 4 

°° ° 4 

12.0 °° at” ~~ Wt ° Q 
Ee of. 4a 4 ‘ Qo 9 £ ° 4 a ° 4a 6 ° ‘ot 50° 4 2° 5? 

- 0°” a4 20°. ° 4 

E a 4ae a a ° 
a > 0° Aa a r 10.0 30" 4a jo" 

“ “” 4a” 22° 

td 904° 4° goo" BTDA/ODA/CoCI /LIC! MOLE RATIO 
. 4 

Oo ant 4= 4.0/4.0/1.0/0.005 
2 af 00" © 40/4.0/1.0/0.05 

8.0+ 92 40/4.0/1.0/0.5 

7.0 ttt tt tt tt tt tH 
1.9 2.3 2.7 3.| 3.5 

(10007 T (K)) 

Figure 48. Activation Energy Plots for Air-Side Electrical Resistivity 
in Cobalt Chloride/Litnium Chloride Codoped BTDA/ODA 
Polyimide Films. 

 



141 

films are viewed as being composed of three units: (1) the bulk polymer 

film, containing cobalt(II) ion (i.e., dopant state) in a predominantly 

polyimide environment, (2) an “air-side" layer of C030, with trace 

polyimide and (3) a surface region, termed the “overlayer”, containing a 

gradient of C030, but primarily polyimide. The slightly lower bulk 

resistivity and higher dielectric constant for the doped films supports 

our assignment for layer #1. That the air-side resistivity increases 

above the polyimide Tg as occurs in metal-filled polymer systems, lends 

credence to layer #2. Controlled ion milling coupled with atomic 

concentration analysis of the milled area via XPS and AES confirm the 

polyimide-Co,0, gradient overlayer. Air-side XPS photopeaks for carbon, 

imide oxygen, and nitrogen obtained prior to ion-milling confirm the 

presence of polyimide at the surface. Data which support the presence 

at a polymer overlayer are found in Table XXII. The data indicate that 

signals due to polyimide (C, N) decrease with increasing sampling depth 

while that due to additive (Co) increases. Overall, the oxygen 

photopeak signal having a contribution from both the polyimide oxygens 

and the cobalt oxide increases with increasing sampling depth. However, 

as shown in Figure 49 the curve resolved oxygen peak indicates that 

organic oxygen (higher binding energy) decreases but oxide oxygen (lower 

binding energy) increases with increasing sampling depth. 

This model has been useful in that we realize lower surface 

resistivity may be attained by making the C030, layer thicker. However, 

thicker oxide films will be more brittle and possibly too opaque. 

Ceramic technology suggests lithium substitution within the normal 

spinel structure of C030, results in bulk resistivities up to a thousand
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Table XXII. XPS Depth Profile Data for a Cobalt Chloride 
Doped BIDA/ODA Polyimide Film. : 

  

Estimated Atomic Concentration (%) 
Depth 

(A) C Co N 0 

100 57.8 13.4 3.1 25.7 

200 52.6 17.7 2.6 27.1 

300 48.9 22.9 2.2 26.5 

400 46.5 24.5 2.3 26.9  
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times lower than that of pure Co.,0,. The cobalt chloride/lithium 

chloride codoped films which we have prepared may have incorporated this 

feature. The results are supportive of the proposed structural model 

developed for cobalt chloride doped condensation polyimides both in 

terms of spectroscopic (AES, XPS) and electrical properties (Q-t, 

VTERM). Again, anisotropy is evident in these codoped films based on 

Auger electron argon-ion depth profile data and charge-time profiles. 

Both lithium and cobalt are detected in a polymer overlayer which 

resides above a layer of predominantly "metal oxide". The bulk 

resistivity of the air-side is reduced for two of the doped oxide films 

compared with pure Co.0,4> Table XX. The electrical properties can be 

explained based on the XPS analysis of the cobalt 2P 1/2 and 2P3/2 

photopeaks. The data, Table XXIII, indicate that the peak separation 

for the sample doped with 0.05 mole lithium chloride has the largest 

peak separation between the two main photopeaks and shows intense 

satellite structure, Figure 50 B. It is known that high spin cobalt(II) 

compounds display intense satellite peak structure on the high binding 

energy side of the main photopeaks and that main peak separation is 

close to 16 eV. On the other hand, low spin cobalt(III) compounds have 

main peak separation closer to 15 eV and show no satellite structure. 

XPS analysis of the film doped with 0.005 moles lithium chloride, Figure 

50 A, indicates some satellite structure and main peak separation of 

15.4 eV. Co,045 Co(III),Co(II)0,, gives a contribution from cobalt(III) 

but also from cobalt(II). Thus, an XPS spectrum indicative of each 

chemical species is expected. The third sample (doped with 0.5 mole
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Table XXIII. XPS Data for tne Cobalt Photopeak in 
Cobalt Chloride/Lithium Chloride Codoped BIDA/ODA Polyimide Films. 

  

Polymer System® Peak Separation Co2p3, (eV)? 

BTDA/ODA/CoC1 ,/LiCI (2p3,5-2p) ;2)eV Binding Energy 

4/4/1/0.005 15.4 780.3 

4/4/1/0.05 15.9 780.6 

4/4/1/0.5 15.2 780.3   
a. Number of moles of each component charged to the reactor 

b. Corrected to aromatic carbon peak binding energy; Cis = 284.6eV
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lithium chloride) shows a substantially different XPS spectrum, Figure 

50 C. Now, satellite structure is nearly absent and peak separation is 

closer to 15eV as would be expected upon substantial substitution of Lit+ 

into the tetrahedral positions previously occupied by cobalt(II) thereby 

creating a spinel of general formula: 

l+ 2+ 3+ 3+ 
(Li, Co,_5,Co, ) (Cop ) 9% 

where subscripts t and o denote tetrahedral and octahedral lattice 

occupancy, respectively. Furthermore, in order to maintain charge 

balance for each Co(II) substituted with lithium, another Co(II) must be 

oxidized to Co(III). Photoreduction of the sample in the spectrometer 

is always a potential source of artifacts. Photoreduction of surface 

containing Co(III) would result in cobalt(II) and the emergence of 

satellite structure. For these cobalt modified samples, photoreduction 

does not seem to be significant. If it were, satellite structure should 

be more intense in Figure 50 A than in Figure 50 B (opposite of actual 

spectra) because the signal accumulation times were 29 and 21 minutes, 

respectively. 

Evaluation of the oxygen XPS photopeak region, Figure 51, for each 

codoped sample shows that the sample containing the highest and the 

sample containing the lowest amounts of lithium exhibit a large amount 

of oxide oxygen observed at lower binding energy relative to the organic 

oxygen from the polymer matrix, in contrast to the intermediate lithium- 

level film in which a smaller oxide oxygen peak is observed.
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XPS depth profile data for a codoped film (containing 0.5 mole 

lithium) support the postulation of an overlayer similar to the singly 

doped cobalt films. Signals arising from the polymer decrease with 

increasing sampling depth while signals indicative of metal ion or oxide 

increase with increasing sampling depth (Table XXIV). 

Based on the spectroscopic and electrical data, it appears that the 

film codoped with 0.005 mole lithium chloride contains primarily C030, 

on the air-side, while the one codoped with 0.05 mole lithium chloride 

contains metal oxide and a substantial amount of residual ionic 

cobalt(II). X-ray photoelectron spectroscopy shows a peak at 182 eV, 

corresponding to chlorine, in this intermediate level lithium codoped 

film, as expected. The film codoped with 0.5 mole lithium chloride 

contains predominantly lithium substituted cobalt oxide. Auger electron 

argon ion depth profile experiments showed that this codoped film 

contains a high level of lithium near the air-side of the film in the 

same region in which both the cobalt and the oxygen concentrations are 

also high.
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Table XXIV. XPS Depth Profile Data for a Cobalt Chloride/Lithnium 
Chloride (1.0/0.5) Codoped BTDA/ODA Polyimide Film. 

  

Estimated Atomic Concentration (%) 
Depth 

(A) C N 0 Co Li 

0 61.79 0.58 16.88 6.48 14.28 

20 49.59 2.12 16.26 11.37 20.66 

40 48.23 2.23 16.77 13.16 19.61 

60 45.96 1.70 16.98 14.09 21.27 

80 45.43 1.30 16.63 13.05 23.59  



CHAPTER IX 

VARIABLE TEMPERATURE ELECTRICAL RESISTIVITY DETERMINATIONS 

A. Preliminary 

Material properties are often tested at elevated temperature for 

two reasons. High temperature material applications require end-use 

performance evaluation with appropriate instrumentation. Also, high 

temperature can be used to accelerate aging and failure for more rapid 

material comparisons [90-96]. Many analytical techniques are available 

for variable temperature material evaluations. Thermogravimetry and 

differential scanning calorimetry, thermomechanical, electroconducto- 

metric, thermomagnetic, and evolved gas analysis, and thermoluminescence 

are some [97]. Many publications describe details of each or combined 

techniques. 

A computer controlled three probe variable temperature electrical 

resistivity determination (VTERM) system was developed that allows 

evaluation of metal ion modified polyimide films. The instrumentation, 

in addition to measuring surface and volume resistivity, is responsive 

to polymer morphological changes [53]. This is valuable in general 

because while many insulators have low bulk conductivity, they may have 

appreciable surface conductivity [60]. The system is constructed mostly 

from commercially available components but does contain some custom 

fabricated parts. The VTERM system controls sample temperature, 

atmosphere, and measurement mode in addition to automatically storing, 

printing, and plotting the data with the associated peripherals. 

151
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The original VTERM system designed and described by Khor [98] 

provided only moderate vacuum control and had poor temperature stability 

up to 200 °C. High temperature polyimide applications require property 

evaluation up to 300 °C or more. Better control of the sample 

atmosphere prompted additional modification of the original system. 

This chapter describes in detail the development of the VTERM 

system and its application to the analysis of a variety of polymeric 

films. The electrical resistivity measurement system is also useful for 

the evaluation of polymer films or films in general. Correlation of the 

electrical measurements with differential scanning calorimetry, 

thermomechanical analysis, and thermogravimetric analysis is 

demonstrated, and some experimental considerations are presented. 

B. System Construction 

The VTERM system can be described in terms of three major sections: 

mechanical components, electrical components, and computer control and 

the associated computer program. The components are described in detail 

below. 

i. Mechanical Components 

The mechanical aspects of the test cell are shown in Figure 52. 

The vacuum chamber was fabricated with an o-ring joint and a high vacuum 

Teflon valve. The valve was placed at the top of the chamber so that 

during the analysis any decomposition products would be pulled away from 

the electrodes and wires below. A Viton o-ring provides a vacuum seal 

between the glass chamber and a specially designed aluminum baseplate. 

The baseplate, having an o-ring seal machined into one surface and
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threaded holes, allows encapsulation of electrical leads passing into 

the test cell while maintaining mechanical and electrical integrity. 

The threaded holes mechanically lock the encapsulation resin into the 

baseplate. In this way, less stress is placed on the metal-resin 

adhesive bond. The encapsulation resin used was Sylgard, a Dow Corning 

siloxane polymer, chosen because it adheres strongly to chemically 

primed metal surfaces, polymerizes at room temperature with no 

condensation products, has high electrical resistivity, and can 

withstand exposure to 250 °C. An encapsulation procedure was devel oped 

allowing accurate placement of electrical leads and thermocouples during 

resin polymerization. The encapsulation procedure is very good for 

custom fabrication and prototyping. However, commercially available 

feed-through connectors for vacuum and pressure applications (for 

example, Omega Engineering, Inc., or ITT Cannon Electric) could be used 

instead. To reduce radiant heating of the o-ring seal and encapsulated 

wires, they were positioned below the heated electrodes, and to reduce 

conductive heating, they were separated with refractory material. Thus, 

the electrodes can be heated to over 300 °C without detrimental effects 

to the vacuum seals. The vacuum attained using the baseplate results in 

reduced intermittent air and moisture influx and allows analysis in 

self-generated or specialty atmospheres. Electromagnetic interference 

is minimized by enclosing the vacuum chamber and electrode assembly in a 

electrically grounded hinged copper cylinder. This cylindrical Faraday 

cage also serves as a safety shield and reduces any photo induced 

contribution to the conductivity of the sample.
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ii. Electrical Components and Computer Control 

The electrical components and connections are shown schematically 

in Figure 53. Critical to the successful measurement of electrical 

properties of materials with high electrical resistivity is the 

measurement system itself. In this regard, because of the extremely low 

current levels measured, electrical isolation of the test cell from the 

environment via guarding and shielding and proper grounding [99] is 

required. Note in Figure 53 that all computer components are connected 

to one circuit (a common ground). The test equipment, all those 

components below the dotted line (Figure 53), are also connected to a 

common ground but on a second circuit. The vacuum pump is connected to 

a third circuit to minimize current fluctuations through the other 

components. The standardized communications protocol offered by the 

IEEE-488 general purpose instrument bus [100] allows interconnection of 

the computer with electronic test equipment or data storage and output 

devices. The experiment is controlled by a Hewlett-Packard HP-86 

computer equipped with a BCD [101] and an IEEE-488 (HP-IB) interface. 

The computer monitors the temperature of the electrodes and baseplate 

resin seals (as a system protection), individually controls electrode 

heater switching, and controls surface and volume electrical resistivity 

measurement switching of a modified Keithley 6105 electrical resistivity 

test fixture [102] (see Figure 54). In addition, the computer obtains, 

stores, prints and plots experimental data and operator selected 

information. 

All switching is done with a Keithley 705 Scanner. As a safety 

measure and to isolate alternating current (heaters and gas switching
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valves) from the scanner relay card, a secondary relay box containing 

miniature relays (DPDT switches) was built. The relay box electrical 

connections are shown in Figure 55. The relay box is the part of the 

VTERM system requiring the most attention. The subminiature relays 

(Radio Shack, Ft. Worth, Texas, Part No. 275-213) were mounted on 16 pin 

wire wrap sockets (Radio Shack, Part No. 275-1994). The relays plug 

directly into the wire wrap sockets thereby, simplifying relay 

replacement. More important, however, from an electrical integrity 

point of view, proper shielding of test cell cables is made easier. All 

leads which enter the test cell are shielded, the shields being 

connected to the ground bus within the relay box as indicated in Figure 

55. The bottom electrode is connected to a shielded cable which 

connects directly to the electrometer (high side) bypassing the relay 

box completely. Further, to reduce leakage from relay excitation and to 

reduce leakage from each device input, the ground bus was connected to 

the pins of the wire wrap socket between the relay trigger terminals and 

relay output terminals and between the relay input terminals and relay 

output terminals. These considerations increase the integrity of the - 

electrical measurements. 

The Keithley 230 programmable voltage source and 619 Electro- 

meter/Multimeter both used in the conventional way are controlled by the 

HP-86 computer via the IEEE-488 interface. The BCD interface transfers 

temperature information from a digital thermometer (400A Digicator, 

Omega Engineering) to the computer. Although it is possible to connect 

the thermocouple leads directly to the Keithley 619 Electrometer/Multi- 

meter and mathematically translate the thermoelectric voltage to
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Schematic of Relay Box Used to Control Measurement Mode, 
Heater Switching, and Gas Valve Switching for Automated 
Variable Temperature Electrical Resistivity Determinations 
in Controlled Atmosphere.
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temperature via ROM based software, the Digicator has been retained as 

an operator convenience. The gas switching valves were installed to 

allow for programmed analysis in vacuum, inert or reactive atmospheres, 

or self-generated atmospheres. The use of nitrogen is being considered 

to reduce cooling cycle analysis time. However, to date, nearly all 

analyses have been performed in vacuum. 

iii. Computer Control Program 

A modular computer program, written in BASIC, interacts with the 

operator and receives information from the individual electronic 

components. The first section of the computer program is an operator 

interactive portion. In this section, information such as film 

thickness, applied voltage, initial and final temperature, temperature 

increment, and the number of temperature cycles is entered. For 

documentation purposes and data file creation, operator initials, 

analysis number, and laboratory notebook page number are also entered as 

further documentation. The time and date, automatically obtained from 

the Keithley 705 scanner, are also printed. 

The second section of the computer program prints a table with 

appropriate title, operator information, and column headings. Also, a 

random access file is automatically opened on disk and identified by the 

concatenation of the operator's initials with the analysis number. 

The control section of the program is essentially three For/Next 

loops; two nested at the same level within a third. The number of 

temperature cycles requested are obtained with the third loop. The 

inner two loops control heating and cooling by comparing the electrode 

temperatures with the set temperature. At each set temperature,
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subroutine MEASUREMENTS is entered. When all temperature cycles are 

completed, the data file is closed, secured against overwrite, and front 

panel control is returned to the computer interfaced electronic 

instruments. Within the subroutine MEASUREMENTS, subroutine HEATERS 

reads the temperature of the three electrodes and base plate. The 

computer actuates the proper heaters by closing or opening the 

appropriate scanner channels. Temperature control is obtained by 

comparing the temperature of each electrode with the set temperature as 

well as with each other. Essentially, this yields on-off control of the 

heaters. On-off control is practical because the computer is idle 

between measurements. Components providing on-off control are 

commercially available (Omega Engineering, Inc.); however, they do not 

allow linear ramping. The three temperatures, cycle number, and heater 

status are displayed on the CRIT. After obtaining the electrode 

temperatures, MEASUREMENTS determines if they are within one degree of 

the set temperature. If they are not, MEASUREMENTS will continue to 

call HEATERS. 

When the set temperature is reached, a counter signals the volume 

resistivity measurement mode and closes the appropriate scanner channel. 

The Keithley 230 Programmable Voltage Source outputs the specified 

voltage and the Keithley 619 electrometer/multimeter is placed in the 

autorange current mode. All instrument parameters, even if they are the 

default values, are specified in the program to prevent previous front 

panel values from affecting the automated analysis. A timer is started 

when the voltage is applied, and the electrode temperatures are 

monitored and adjusted for 27 seconds. After 27 seconds, all heaters
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and thermocouple channels are opened in order to prevent interaction 

with the electrometer. Thirty seconds after applying the voltage, 

thirty current readings are obtained from the electrometer and averaged. 

Next, the counter indicates the surface resistivity measurement mode, 

and the appropriate scanner channel is closed. The measurement is 

obtained in a manner similar to that used for the volume resistivity 

mode. The information is stored on a disk and printed. After printing 

volume and surface electrical resistivity data, MEASUREMENTS is exited 

and the pointer returns to the main program for the new set temperature. 

A temperature versus time plot for the system in the heat-up and cool- 

down modes is shown in Figure 56. 

Though the response time of the instrument is less than 30 seconds, 

One must be aware of the time dependent polarization current which may 

be superimposed on the conduction current, thereby resulting in 

misleading resistivity values [103]. The polarization time for our 

polymers, often in excess of several minutes, makes it faster to use 

only one measurement mode during an experiment. This simplifies the 

experiment and, if desired, allows the thermally stimulated discharge 

current to be measured during an additional heating cycle. For more 

conductive materials where the d.c. conduction current far exceeds the 

polarization current, the volume and surface resistivities can both be 

measured during one experiment. 

C. System Applications 

Thermoelectrometry, thermogravimetry (TG), and differential 

scanning calorimetry (DSC) are useful methods of thermal analysis.
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However, compared with TG and DSC, thermoelectrometry techniques are not 

often used. A recent review by Wendlandt [104] indicated that 

thermoelectrometry accounted for 2.2% of all the techniques used in 

Thermochimica Acta and 1.4% of the techniques used in Journal of Thermal 

Analysis. Because thermoelectrometry boasts sensitivity several orders 

of magnitude greater than DSC for the detection of the glass transition 

[105] and may yield data of a more fundamental nature than other thermal 

methods, large growth in the area of thermoelectrometry is expected. 

There are two key reasons why thermoelectrometry, the measurement 

of resistance, conductance, capacitance or other electrical property as 

a function of time and temperature in controlled environment, is a 

valuable technique for the materials scientist. First, it allows direct 

evaluation of a fundamental material property (i.e., resistivity) at 

variable temperatures. This information is quite useful in 

microelectronic applications where it is important to evaluate the 

electrical resistivity as a function of temperature of polymers which 

are used as passive layers and encapsulants. Such knowledge is critical 

since, for a constant current, an increase in Joule heating of the 

electronic device may occur. As the "feature-size" of components 

decreases giving rise to a greater number of elements per unit area, 

temperature dependent resistivity data should become even more valuable. 

Secondly, although the exact nature of the conduction process may not be 

of primary importance to the materials scientist, resistivity versus 

temperature plots may yield detailed information regarding polymer 

dynamics. Since charge carrier mobility may be inversely proportional 

to the microviscosity of the polymeric medium, an abrupt change in
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resistivity in the temperature region of polymer transition can be 

anticipated. 

The purpose of this section is to discuss some experimental 

considerations that are applicable to the evaluation of the electrical 

resistivity of polymer films. Application of the measurement system to 

polyimide films which have been lightly doped with soluble metal salts 

have been evaluated in this regard. The complementary nature of 

electrical resistivity measurement to the more commonly employed thermal 

methods of analysis will also be presented. 

Crucial to the successful evaluation of the electrical properties 

of highly resistive materials is the measurement system itself. In this 

-14 ampere may be field induced, regard, because currents as low as 10 

careful electrical isolation of the test cell is necessary. The 

importance of this concern is illustrated by the analysis of a 

commercially available DuPont Kapton polyimide film (25.4 um thick). 

Kapton was chosen as a sample partly because its resistivity, though not 

unique among insulators [106], is the highest the equipment is expected 

to encounter. Few polymers have electrical resistivity as high as 

Kapton does, and the intention of our research work is to reduce the 

electrical resistivity of polymers. Also, vendor supplied volume 

resistivity versus temperature data for this sample are available. 

Figure 57, part A, shows the analysis of the sample with a carefully 

constructed test cell which exhibits substantial leakage current 

10 amp). The leakage current is (minimum measured current = 10° 

responsible for the lack of information (i.e., essentially zero slope) 

from 20° to 125 °C. Some workers, when the electrical resistivity at
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25 °C is greater than i016 ohm-cm and cannot be obtained directly 

(similar to Figure 57, part A) extrapolate the high temperature region 

of the resistivity versus temperature plot to obtain the value of the 

parameter, Poco [87]. Extrapolation of our resistivity versus 

temperature data in Figure 57, part A, yields Po5°¢ equal to 5 x 1017 

ohm cm. After more consideration was given to proper grounding, 

guarding, and shielding [99], the results shown in Figure 57, part B 

were obtained. Because of the reduced leakage current (minimum measured 

o7 14 current 1 amp), electrical properties were directly obtained at and 

above room temperature (Poco obtained directly from the data shown in 

Figure 57, part B) is 1.05 x 1018 ohm cm). Vendor literature indicates 

the volume resistivity is 1 x 1918 ohm-cm. Thus, good agreement between 

our electrical resistivity data (3 significant figures) and data 

reported by DuPont for Kapton polyimide (1 significant figure) is 

evident and substantiates that the measurements are valid. 

i. Electrification Time 

An important consideration in the evaluation of the resistivity of 

highly insulative materials is the polarization or electrification time 

[60]. The proper electrification. time can be obtained from a plot of 

current versus time or charge versus time as shown in Figure 58. At 

short times, polarization currents dominate the measurement and would 

result in falsely low direct current electrical resistivity values for 

the sample. At longer times, the influence of polarization current is 

diminished and the d.c. conductivity current is obtained. From the 

plot, it is found that the d.c. electrical resistivity of this cobalt 

modified polyimide film can be obtained at times greater than about 2
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169 

minutes. Highly accurate results may require longer times as there is 

still a slight slope to the i-t plot. The charge versus time plot 

becomes linear as the influence of polarization current is reduced. In 

our variable temperature electrical resistivity measurements, the sample 

is poled with 100 volts and is left poled throughout the duration of the 

experiment to minimize the influence of electrode charging current and 

polarization current. | 

ii. Measurement Atmosphere 

It is well known that sample atmosphere may strongly affect the 

electrical response of a material to temperature variation, especial ly 

those materials having high electrical resistivity. The influence of 

measurement atmosphere on the d.c. electrical resistivity of a polyimide 

film modified with lithium chloride [29] is shown in Figure 59. Volume 

resistivity versus temperature profiles were obtained on identical films 

both conditioned in air prior to analysis, but one was analyzed in air 

and the other was analyzed in vacuum. Electrical resistivity values 

were considerably lower at temperatures up to 120 °C for the film 

analyzed in air (Figure 59, part A) compared with the film analyzed in 

vacuum (Figure 59, part B). The measured electrical resistivity during 

the cooling cycle was the same for the film analyzed in vacuum and the 

film analyzed in air, and both were comparable to the first heating 

cycle in vacuum. Re-analyzing either film in air (after re-conditioning 

the film in air prior to analysis) results in a resistivity versus 

temperature profile similar to the first heating cycle (Figure 59, part 

A) and similar to the first cooling cycle and subsequent heating-cooling 

cycles (Figure 59, part B), indicating that the polyimide properties can
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be reversibly changed by sorbed species. The difference in the data 

between 25° and 120 °C suggests that sorbed water has a significant 

influence on the electrical resistivity. Decreased electrical 

resistivity of polyimide films (and polymers in general) containing 

moisture may be attributed to three primary reasons: the inherent 

ability of moisture to provide charge carriers, the ability of moisture 

to increase the effective dielectric constant of the polymeric medium 

thereby increasing the extent of dissociation of ionizable groups [67], 

and the ability of water to act as a plasticizer. Fourier transform 

infrared spectrometry has been previously used to verify substantial 

water sorption by the lithium chloride modified polyimide film [29]. 

Figure 59 shows a correlation between the electrical resistivity of the 

film analyzed in air (Figure 59, part A) and the mass loss of the same 

film independently determined by thermogravimetry (Figure 59, part C). 

Mass loss occurs in the same temperature region as where the electrical 

resistivity (measured with air atmosphere) undergoes the greatest change 

with increasing temperature (i.e., resistivity decreases with increasing 

temperature up to about 60 °C, increases between 60 °C and ~ 120 °C, and 

finally decreases again at temperatures above 120 °C, similar to the 

film analyzed in vacuum). 

iii. Complementary Data 

As previously mentioned, the mobility of charge carriers may be 

inversely proportional to the microviscosity of the polymeric medium. 

As charge carrier mobility increases, the resistivity will decrease as 

defined by the fundamental equation
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where p = resistivity, ohmecm 

n. = concentration of yon charge carrier, cm”? 

e; = charge on jth charge carrier, coulombs 

_ 14 th . 2 y-l-1 
H, = charge mobility of i” charge carrier, cm” V ‘s 

The glass-transition is a temperature region for which, in general, 

volume, heat capacity, and polymer chain mobility increase. 

Dilatometry, differential scanning calorimetry, and dynamic mechanical 

analysis can each be used to characterize the polymer (bulk) glass 

transition temperature region. Electrical resistivity measurements, 

even though the charge carrier mobilities and the number of charge 

carriers cannot be separated, reveals the glass transition because the 

greatly enhanced mobility of charge carriers arising in this regime 

leads to an abrupt decrease in electrical resistivity. Figure 60 shows 

the complementary nature of DSC and the VTERM analysis for a cobalt 

chloride doped polyimide film. The DSC scan, second heating cycle, is 

shown in Figure 60, part A. A change in heat capacity, having a 

midpoint at 208 °C, indicates a glass-transition. Figure 60, part B is 

an analysis of another sample of the same film using the VTERM system. 

A change in the slope of the log resistivity versus temperature curve is 

observed at 203 °C. Thermomechanical analysis indicates a polymer 

transition at 213 °C. The coincidence of these three independent 

observations indicates that the electrical resistivity (VTERM) is 

responding to the same material change as that evidenced by both the
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heat capacity (DSC) and volume (TMA) change (i.e., increased concerted 

chain segment mobility of the polymer matrix). 

Similar results are observed for a poly(siloxane-ester) sample for 

which by DSC a broad, ill-defined glass transition is suggested near 

36 °C and by electrical resistivity, a sharp transition is indicated at 

41 °C (Figure 61). 

A very interesting analysis is shown in Figure 62. This sample was 

prepared by solvent depositing 0.1 wt% polystyrene onto a Kapton 

polyimide substrate. Surface resistivity of the multilayer structure 

shows that during the first heating cycle, the polylstyrene layer is 

plasticized by the residual acetone. First cooling cycle data shows 

that after the removal of the residual acetone, the polystyrene layer 

has higher resistivity than was observed during the first heating cycle. 

Also, there is a change in slope of the resistivity temperature profile 

at the glass transition temperature of the polystyrene, 100 °C. DSC 

analysis of this same sample barely indicates a transition in the 

vicinity of the polymer glass transition temperature, substantiating 

both the ability of the electrical measurement to detect the polymer 

glass transition temperature and the superior sensitivity of the 

electrical measurement in this case, as was suggested by Wendlandt 

[105]. 

iv. Surface Versus Volume Resistivity 

Many of the modified polyimide films developed in our laboratory 

have surface properties extremely different from volume properties, in 

contrast to nonmodified polyimide films. An example, shown in Figure 

63, compares the surface resistivity with the volume resistivity of a
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tin chloride doped film [27]. Auger electron spectroscopy with argon 

ion etching indicated a tin species concentrated within the first 1000- 

1500K on the surface of the modified film [27]. X-ray photoelectron 

spectroscopy has indicated binding energies for the tin species 

consistent with tin(IV) oxide [27]. The resistivity of bulk tin(IV) 

oxide, depending on the type and amount of impurity, is 108 ohm or less 

[98]. The surface electrical resistivity data for the tin-doped 

polyimide film are consistent with the semiconductor behavior (i.e., 

10°- 107 ohms) expected for tin(IV) oxide (Figure 63, part B). The 

volume electrical resistivity data, on the other hand, suggest that 

polymer bulk electrical properties have not been significantly altered 

by incorporation of the tin complex (Figure 64, part A). This too is 

consistent with the Auger electron spectroscopy depth profile data in 

that only a small amount of tin is found in the bulk of the film. Thus 

the film is highly anisotropic, having moderately low surface 

resistivity but extremely high bulk resistivity.
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CHAPTER X 

CONCLUSIONS AND FUTURE WORK 

Doping a series of condensation polyimides with cobalt chloride 

causes the room temperature direct current electrical resistivity to 

decrease relative to the polymer alone, the reduction being most 

pronounced for the air-side of the cobalt chloride doped polyimides. At 

a constant electrical field, resistivity for the volume, air-side and 

glass-side modes decreases yet further with an increase in temperature 

as expected for semiconductors and insulators. X-ray photoelectron 

spectroscopy indicates the air-side of the cobalt chloride doped 

polyimides contains Co.0,. The bulk resistivity of the air-side surface 

and activation energy of conduction for this surface are comparable to 

high purity sintered C0204. Charging characteristics at room 

temperature indicate a substantial polymer matrix contribution to both 

the glass-side and volume mode measurements but a negligible 

contribution to the air-side electrical properties. Volume electrical 

resistivity for similar additive levels is reduced by increasing the 

molecular flexibility of the host polymer. 

Modification of BDSDA/ODA with cobalt chloride results in 

substantial modification of air-side electrical resistivity but with no 

detectable change in the polymer glass transition temperature (i.e., 213 

°C as determined by both DSC and TMA). The enhanced conductivity is, 

however, made with some sacrifice in thermal stability. The polymer 

decomposition temperature as indicated by 10% mass loss is decreased 
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about 50 °C to a value of 479 °C for the case of the BDSDA/ODA polyimide 

modified with 1 mmole cobalt chloride per 4 mmole polymer repeat unit. 

Based on d.c. charging characteristics and electrical resistivity 

for each surface and the volume mode, the Auger electron depth profiles 

via argon ion sputtering from each surface, the x-ray photoelectron 

spectra of each surface, and the variation of resistivity with 

temperature for each surface and the volume mode, a structural model for 

cobalt chloride modified polyimide films was proposed. A d.c. 

electrical circuit was developed to represent the sample. This model 

encouraged investigation of a lithium chloride/cobalt chloride codoped 

polyimide film system. The codoped films had both lower surface 

resistivity and lower activation energy for conduction as expected for 

lithium substituted cobalt oxide. 

Modification of an inert gas oven, allowing processing in 

controlled atmosphere, proved that film surface conductivity is 

critically influenced by humidity. A moist air cure atmosphere produced 

the lowest air-side resistivity for cobalt chloride modified BIDA/ODA 

polyimide films, whereas a dry air cure atmosphere produced the lowest 

air-side resistivity for dichloride dihydrate doped films. 

It was shown that extreme care must be taken to reduce leakage 

currents when designing a system to measure surface and volume 

electrical resistivity of highly insulative materials. Sample chamber 

atmosphere control is important because the sample atmosphere, 

especially moisture, can have a substantial influence on the electrical 

properties of polymeric films. The data arising therefrom can be 

valuable to the materials scientist in that the influence of environment
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and thermal history on electrical properties can be probed. 

Furthermore, similar to all thermal methods of analysis, a variable 

temperature controlled atmosphere measurement system allows direct 

evaluation of materials under conditions similar to their anticipated 

end-use. The ability to independently measure surface resistivity or 

volume resistivity is valuable for materials having surface 

contamination or intentional charge dissipation additives or materials 

having anisotropic electrical characteristics. Electrical properties 

can also be used, independent of the source of charge carriers, to probe 

polymer dynamics. The ability to detect bulk or surface polymer 

transitions was demonstrated. This allows for confident implementation 

of thermoelectrometry as a problem solving and meterial evaluation tool. 

Work is continuing to improve the accuracy and predictive 

characteristics of the structural and electrical models. In addition, 

other additives and other high thermal stability polymer systems are 

being investigated to develop generalizations regarding the in situ 

formation of near surface metal and metal oxide layers in flexible 

polymeric substrates and to obtain materials for practical applications. 

For example, a sensor can be constructed that will respond to the 

surface adsorption of moisture (Figure 64), or a thin film flexible 

heater/temperature sensor can be constructed with a tin oxide containing 

polyimide film (Figure 65). 

Pre-formed soluble polyimides as well as polyimides obtained with 

anhydride acid chloride-diamine and with diisocyanate-dianhydride 

condensation reactions to further study the influence of reaction
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byproducts (i.e., none, H50/HCI and H,0/CO,5 respectively) are being 

studied. 

Additional cobalt additives and other polyimides of varying Tg's 

are being prepared and characterized. Other pure metal oxide spinels 

and substituted (Li, Zn, Ni, Fe, Mn, Cu) oxide spinel structures in 

condensation polyimides and soluble polyimides will be studied. Process 

parameters are also being evaluated to optimize the air-side oxide 

thickness, uniformity, and purity and to establish general structure- 

property-process relationships for metal-ion modified polyimides. The 

structural model is being further probed by optical, scanning electron 

and transmission electron microscopy. The electrical model will be 

refined using a.c. electrical measurements. 

A laser system is being constructed that will allow selective 

transformation of metal salt to metal or metal oxide within a polymer 

matrix along a predefined path. The resulting film will need to be 

extracted to remove residual (nonconverted) metal salt if the structures 

are to be used at high temperatures. This structure can then be fully 

cured to obtain a film having conductive lines. A nonextracted film 

will probably develop a near surface layer of metal or metal oxide that 

will interconnect the laser induced conductive lines (Figure 66).
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Schematic Representation of the Preparation of Surface 
Conductive Films via Laser Irradiation. 

Figure 66.
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