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Surface modification of polyimides has been used to obtain better interaction with an
inorganic material. Copper sulfide incorporation onto the surface of commercial
Kaptor® polyimide showed that treatment with base was necessary for adherence of
the copper sulfide to the polymeric matrix. The optimized conditions for composite
preparation, obtained by response surface methodology, was pH 1.4 at 80 °C for
3.67 h. Using these conditions, we obtained electrical resistance as low as 1.0 ohm for
CuS\Kapto® composites. These optimized conditions were used to prepare other
low-resistance polyimide composites. The resulting composites were analyzed by
photoelectron spectroscopy. The presence op)S4Rd Cu(®) peaks demonstrated the
incorporation of copper sulfide onto the polyimide surface. Scanning electron
microphotographs and the images from atomic force microscopy showed a
homogeneous CusS distribution in all composites.

I. INTRODUCTION enhanced electrical conductivity and specular reflectiv-
ity. Polyimide composite films have been previously syn-

electronics industry as well as in areas such as sensdi€sized by thermal imidization of a polyamic acid

technology, optical fibers, gas separation membrane§°|u“°_” which contained a s_oluble additiﬁ’/é?e_liable _
and the medical field. Applications in microelectrorics adhesion between the metallization and the insulating

include use as an interlayer dielectric in integrated cirPelyimide layer in these films should depend on the na-
cuits, intermetal insulators in multichip modules, andture of interaction between the metal and the polymer.

thermal-mechanical passivation buffer protection |ay_MetaI/ponmer bond formation is expected to result in a

ers2? Kaptor?, poly[N,N -(oxydiphenylene)pyromelliti- strong adhesion, whereas, a purely physical interaction

mide], is a polyimide with high-temperature resistance,Via van der Waals or electrostatic forces is supposed to
It in weak adhesich.

good mechanical properties, high flame resistance, goo#SY
dimensional stability, and low dielectric constént. Many surface-treatment methods have been developed

The properties of polyimide film can be modified by to increase the interfacial strength between metals and
the incorporation of a variety of inorganic additives. Ide-Polyimide film. These include ion beam and plasma
a”y’ doped ponimide films would retain the ponmer’s treatment methods using as starting gases water, argon,

strength, flexibility, and thermal stability but also exhibit ©XYgen, and oxygen—fluorocarbon mixtures. These proc-
esses are effective by altering the chemical structure of

the surface to cause chemical bonding at the interface or
by roughening the surface of the film to cause mechani-
@Address all correspondence to this author. cal interlocking with the next layer. The modification of

Polyimides (PI) have found wide applications in the
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a polyimide surface with a solution of moderate basicityA. Preparation of copper sulfide deposited
has also been shown to improve the adhesion betwegrlyimide film

polyimide and metaf~® _ _ _ Initially, the surface of a polyimide was modified by
The deposition of metal sulfide as fine particles onto;,mersion of the film into 1 M NHOH for 30 min at
the surface of an organic polymer film is a promisinggg o The resulting film was then washed with water
approach_to obtain electrically conductive _f||_ms. Al- and dried for 4 h at approximately 60 °C. The surface
though this method has the advantage of giving largepqgified film was next dipped into an aqueous solution
size electrically conductive films, there have been only &80 mL) of a mixture of 0.1 M CuSQ 5H,0 and 0.1 M
few report$®**on the subject, probably due to difficulty N&,S,0; - 5H,0, and the medium was héated under agi-
in obtaining a good adhesion between sulfide layer anghion and temperature control. A factorial design experi-

polymer film surface. Films of poly(ethylene terephthal- ,enta| approach was applied to quantitatively assess the
ate) (PET), poly(vinyl alcohol) (PVA), and poly(2- jnfluence of immersion time, temperature, and solution

cyano-1,3-phenylene oxide) (ID-300) have yieldedyyy o, jncorporation of copper sulfide onto the poly-
surface electrically conducting films with copper sulfide. jhige. A 28 factorial design which included a central

These CyS—polymer films have been utilized in opto- ,int and three levels of each variable was employed. A

electrical reaction&® Electrical and optical properties of Box—Behnke?? design was used as described in Table I.
poly(methyl methacrylate) sheets coated with chemically

deposited Ci8 thin films have also been describ¥d.
Sheet resistance of the films was found to be a functiof®: Measurements
of the deposition method, annealing time, and annealing Thermal analysis for the purpose of determining the
temperature. glass transition temperature was performed on a Shi-
The preparation of electrically conductive S+Pl  madzu model 50 (Tokyo, Japan) differential scanning
films by deposition of copper sulfide from aqueous so-calorimeter at 10 °C/min heating rate under a nitrogen
lution onto a polyimide film surface is reported in this atmosphere. To determine the composite decomposition
paper. To determine optimum conditions for obtainingtemperature, thermogravimetric analysis was performed
these films, we used the response surface methodologyh a Shimadzu model 50 thermogravimetric system at
(RSM).12+2 10 °C/min heating rate with dynamic nitrogen.
X-ray photoelectron spectra (XPS) were obtained with
a Perkin-Elmer Phi model 5300 ESCA (Eden Praire,
MN) system using a magnesium anode, (& 1253.6 eV)

[I. EXPERIMENTAL

Kaptor® polyimide films was obtained from Polymer TABLE I. Electrical resistance values of CuS/Kaptonomposites
Solutions Incorporated (Blacksburg, VA). All the other obtained from an initial 2factorial design.

polyimides films were synthesized as described else-

Electrical
where:* CuSQ, - 5H,0, N&S,0; - 5H,0, HPQ,, Pretreatment Temperaturg resistance
NH_,OH, andN,N-dimethylacetamide (DMAC) were ob- Film  of the film? (°C) Timef (h) pH'  (ohms)
tained from Aldrich Chemical Co. (Milwaukee, WI) and w 50 1 1 10000
used as received. 2 WO 50 1 1 >10000

Poly(amide acid) solutions were prepared at room 3 w 80 1 1 10
temperature by first adding diamine (4.0 mmol) to a 4 wo 80 1 1 190
nitrogen-purged three-neck flask containing dry DMAc ° w 50 3 L 1800
with agitation. Next, dianhydride (4.0 mmol) was added $ o o 3 LT
to the solution, with an additional amount of DMAc g Wo 80 3 1 30
for obtaining the desired solids concentration. The result- 9 w 50 1 3 >10000
ant solution was stirred for at least 2 h. The imidized 10 wo 50 1 3 >10000
films were then produced by spreading the polymer 11 w 80 1 8 !
solution with a doctor blade (16-20 mil gap) onto a 5 o gg ; :‘:’ 12%)2
glass plate, followed by heating 20 min at 80 °C, 14 Wo 50 3 3 >10000
and then heating at 100, 200, and 300 °C each for 1 his w 80 3 3 1
under a dynamic 30 standard cubic feet per hour atmos46 wo 80 3 3 40

phere of dry breathing air (Air Products and ChemicalshLevels. wo (4), w ()

Inc., Allentown, PA). After being cooled at room tem- v ¢ e g0 °c (+), 50 °C (-).
perature, the films were removed from the glass plate fof evels 3 h (+), 1 h (-).
testing. devels: 3 (+), 1 (-).
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operating at 400 W. The binding energies cited here aréactorial design, and the resulting surface electrical re-
referenced to the aromatic carbon photopealsfaffithe  sistances of polyimide/copper sulfide composites are il-
polyimide backbone at 284.6 eV. lustrated in Table Il. The composites present a low
Scanning electron microphotographs (SEM) wereelectrical surface resistance. Table Il shows the main
taken using a JEOL JSM-6340F (Tokyo, Japan) fieldeffects and interaction effects of the variables involved in
emission scanning electron microscope (FESEM). Surthe factorial design described in Table Il. Among all the
face images were taken using a Topometrix model Disanalyzed variables, the reaction time variable presented
cover TMX2010 atomic force microscope. Surfacethe highest influence on the value of surface electrical
electrical resistance at room temperature was measuredsistance. A strong interaction effect between the pH
using a Keithley (Cleveland, OH) voltage supply (modeland time variables can also be observed. The main effect
240 A), electrometer (model 617C), and a four-pointof the reaction time is maximized when the pH is main-
probe assembly. tained at a high level. To calculate a fitting response
Photoacoustic infrared spectra (PAS-FTIR) of thesurface for the problem through the Box—Behnken de-
original and pretreated polyimide films in the 4000- sign, we used a computer program of public domgift
400 cmi* range were acquired using a Bomen FT-IREquation (1) represents the fitting response surface. The
model MB100 (Quebec, Canada) with a photoacousti@nalysis of variance was done using a model adequacy

apparatus model PAS MTEC 300. check, and the data are presented in Table IV. The equa-

tion, which describes the quadratic model, and the re-

[Il. RESULTS AND DISCUSSION spective coefficient of standard errors are described as
The heating of an aqueous solution containing ar{OHOWS:

equimolar mixture of CuSQand NgS,0; results inthe Y =1.633(+0.066 — 1.4125(+0.040x,
production of mixtures of copper sulfidé$Copper sul- - 0.2375(+0.040x, + 0.2500( = 0.040X,4
fide incorporation onto the surface of commercial Kap- +1.0208( +0.060x,% + 0.1208( 0.060x,>
ton® polyimide showed that treatment with base was | 0.4458( + 0.060%.2 — 0.1250( = 0.0579,X,
necessary for adherence of the copper sulfide to the poly- 0.1500( = 0.057X,Xs + 0.1000( +0.057%%5
meric substrate. Preliminary experiments (Tablel) re- )
vealed the necessity of pretreating the PI film with ) ) )
NH,OH at an elevated temperature to produce films thatherex,, x,, andx; are normalized variables according
exhibited low surface electrical resistance. to Table II.
Using variables of time, temperature, and pH of the _ _ _ _
TABLE Ill. Main effect and interaction effect of variables from the

incorporation reaction, a Box-Behnken design was carg, . -, design described in Table Il

ried out. The conditions corresponded to the choser

Variables Main effect
TABLE IlI. Electrical resistance measurements of the CuS/Kapton
composites according to the Box—Behnken designx,, andx, rep- A = temperature -2.95
resents the codified variables. B = time 0.10
C = pH -0.43
Electrical Interaction effect
resistance
Test  X® X, Xg© T (°C) t (h) pH (ohms) AB AC BC
1 -1 -1 0 70 1 2 3.8 -0.25 +0.05 0.35
2 -1 1 0 70 3 2 4.1
3 1 -1 0 80 1 2 17
4 1 1 0 80 3 2 1.5 . . i
5 -1 0 -1 70 2 1 48 TAB_LEa IV. Analysis of variance according to the Box—Behnken
6 -1 0 1 70 2 3 47 design’
7 1 0 -1 80 2 1 12 Source of Sums of  Degrees of  Mean Test
8 1 0 1 80 2 1 12 variation square freedom square F
9 0 -1 -1 75 1 1 2.4
10 0 -1 1 75 3 1 1.2 Regression 21.4549 9 2.3839
11 0 1 -1 75 3 3 2.2 9.8577
12 0 1 1 75 2 2 1.7 Residues 1.2091 5 0.2418
13 0 0 0 75 2 2 17 Lack of adjustmant 1.1825 3 0.3942
14 0 0 0 75 2 2 1.5 29.5618
15 0 0 0 75 2 2 1.7 Pure error 0.0267 2 0.0133
Total 22.6640 14
& = (T-75)5
by, =t - 2. %% explicated variance= 94.6649. % maximum explicable varianee
%% = pH - 2. 99.8823.
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The lower values of coefficient of standard errors, in ]
relation to the coefficients of Eq. (1), indicate that the
quadratic model is adequate to describe the response sug
face. Deriving this equation in relation tq, X,, andx; S
(or dY/dx) and takingdY/dx = O allows obtaining the
valuesx, = 0.84,x, = 1.67, andxg; = -0.062 that
correspond to the optimum point of the process, repre-
sented byT = 80°C,t = 3.67 h, and pH= 1.4, re-
spectively. The expected value of surface electricalg
resistance obtained by Eqg. (1) was 0.76 ohm. Compositeg ]
obtained under these conditions showed values in thé -
range of 0.9-1.0 ohm.

To demonstrate that the optimum point of the process, i ' . i .
represented by = 80 °C,t = 3.67 h, and pH= 1.4, is 3000 2500 2000 1500 1000 500
not only to be used in commercial Kapfompolyimide Wavenumber (cm”)

T”m’ ngeral other noncomm.erual p.OIyImldeS films were FIG. 1. PA-FTIR spectra of the (a) original and (b) base-treated Kap-

investigated. Surface electrical resistances that were olsps polyimide film.

tained are shown in Table V. One can see that the values

are the same order of magnitude as the composite CuS/

Kaptor®. It can be observed, in the majority of the modified layer should be penetrated by a subsequently

samples, that increasing the number of dipping processeteposited layer. This molecular interdiffusion should al-

caused the surface electrical resistance to decrease. Tlwsv strong bonding to occur between layers, which is

exception was found for the CuS/BTDA-ASD sample. thus not susceptible to environmental degradatidine
depth of the hydrolyzed surface layer grows roughly with

A. NH,OH treatment of Kapton @ base exposure. This is consistent with the idea that the

L . layer growth kinetics is controlled by the chemical reac-

To determine if the base-promoted conversion of Rion at the interface which is situated between the base-

surface layer of polyimide into a poly(amic acid) surfac.emodified layer and the underlying polyimide. Stoffel

00“'0.‘ be observeq, the samples were 'examlned USING a12 have calculated the modification rate of Kapton
Fourier transform infrared—photoacoustic SPECtrosCopy, ,m/min. as a function of temperature for a 1 M KOH

(FTIR/PAS). Spectra of the original polyimide film and treatment. Using their relation, we may estimate that the

the modified film were obtained (Fig. 1). Absorption o
bands characteristic of imide rify5$—""were observed (igg(t)hm?]f hydrolysis in our treatment reached about

at 1775, 1730, 1380, and 725 chin the spectrum of the
original film. Additional absorption bands were observed
at 1250 and 820 ciit which represent an ether moiéty
and para-substituted phenyl ring’, respectively. Char-
acteristics absorption bands of the polyamide 15/&t
occurred at 1667 and 1540 ciand the appearance of a
N-H stretching absorption mode at about 3250 twas
observed, giving further evidence that the imide ring ha
been hydrolyzed. As pointed out by Stoffed al.® the

original polyimide film
base treated polyimide film

bitrary un

ce (ar

Tra

To better understand the influence of the base treat-
ment on the adhesion of copper sulfide particles to the
polyimide film, XPS experiments on polyimide films
with and without base treatment were carried out. The
atomic concentration of the surface elements are indi-
cated by the XPS profile [Fig. 2(a)]. In a comparison of
he measured values of G10(1s), and N(X) with the
heoretical values, considering a monomeric unit of 22 C,
50, and 2 N, it can be stated that the imidization was not
complete. As pointed out by Leary and Campffeéind
TABLE V. Electrical resistance values of CuS/polyimide compositesRussat;* a definitive description of the nature of the

obtained using the under optimum point conditiofis= 80 °C,t = surface of commercial films is difficult due to the ex-
3.67 h, pH= 1.4). tremely complex character of polyamide—polyimide
[NH,OH] No. of Electrical chemistry. The nonstoichiometric character of the sur-
Film (mol L™ dippings resistance®)  face can be due to (i) side reactions that produce residues
BDSDA/ODA 1 1 33 of uncyclized polyamld_e acid in the flna! product and (ii)
BDSDA/ODA 1 5 25 polymer fragments which are present in the surface re-
BTDA/ODA 1 1 49 gion that result from hydrolytic scission of polyamide
BTDA/ODA 1 2 16 acid units by water of imidization. This explanation ac-
BTDA/ODA . 1 28 counts for the differences that we observed concerning a
BTDA/ODA-ASD 1 1 6.2 | . | f carb d .
ETDA/ODA-ASD 1 5 13 arger experimental content of carbon and oxygen in re-
lation to nitrogen when comparing the theoretical and
3100 — J. Mater. Res., Vol. 16, No. 11, Nov 2001
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experimental values. The data presented in Fig. 2(b)
show agreement with the results published by Stoffel
etal® and Leeet al,” who observed the conversion of
surface polyimide film to poly(amide acid).

The chemical states of carbon and oxygen were of
interest. Curve-fitting of these elements is shown in
Fig. 3. We have interpreted the fitting results with the
help of available published data-?’ Computed absolute
binding energies (BE’s) and integrated intensities of re-
solved C(¥), N(1s), and O(X) for the original and base-
treated Kaptofi samples are reported in Table VI. As can
be visualized, a decrease exists in the atomic concentra-
tion of carbon bonded to other carbons or hydrogen to
284.6 eV from 49.3% to 42.8% upon comparing the
original Kaptor® to the base-treated one. We can also
verify an increase in the percentage of “partially oxi-
dized” carbon from 43.4% to 45.8%. Associated with this
increase is an increase of 4.1% in amide-carbonyl and
acid-carbonyl carbons. The appearance of the oxygen
peak at 534.2 eV is in agreement with the relative data on
the opening of imide cycles.

Complete drying of polyimide is extremely diffi-
cult?®?? after partial hydrolysis. Data from the literature
show that polyimide (e.g., PMDA/ODA) cured up to
125 °C presents a peak located at 535.0 eV that is attrib-
uted to the O(8) of entrapped HO.2* Our XPS data from
original Kaptor® are typical of the PMDA/ODA system
already described in the literatuf&2°-3! Therefore,

FIG. 2. XPS profiles of the (a) original and (b) base-treated Kaptonwhen the polyimide was submitted to hydrolysis, we ob-

polyimide film.

S

served the opening of the imide cycle which means that
the polyamide salt was formed. This can be compared to
the data from the literaturé, where PMDA/ODA poly-
(amide acid) was completely imidized. In this way, part
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FIG. 3. Carbon (8 XPS photopeaks of (a) original and (b) base-treated and oxyggplititopeaks of (c) original and (d) base-treated Kapton

polyimide film.
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of the amide and acid functionalities were not imidized,expect an increase in the peak of the amide-carbonyl and
which increased the “partially oxidized” carbon (i.e., theacid-carbonyl carbons for 288.5-289.2 eV. This increase
amide-carbonyl and the acid-carbonyl carbon contentsjeally appears because the sum of the peaks at 287.2 and

content. 288.4 eV is practically twice the value found of 288.1 eV
B. Surface characterization of composites films wWr——7Tr 7T 7t 1 11T T
The XPS spectra of the CuS/Kapfonomposite films ° e et ]
with low-surface electric resistance are shown in Fig. 4, 1%\ g o ) i
and the atomic concentrations of elements on the surface 74 “¢© N1 : 8

Cuz2p 8.7

are indicated by the XPS profile (upper part of the fig- ] s2 08
ure). The binding energies and atomic concentrations o ]
different species of the elements of carbon, oxygen, sul%
fur, and copper in the composite polyimide films are

shown in Table VII. The XPS spectra of Cu and S inthe ]
composites are shown respectively in Figs. 5(a) and 5(b). 27
The copper peak intensity remained constant, when 14
the composite was sonicated as verified by Fig. 5(a). The ¢} 1
sulfur peak intensity, on the other hand, at approximately 100 1000 o0 80 700 800 500 400 300 200 100 O

O1s

168.6 eV decreased when the film was sonicated. This i&) Binding Energy, eV

probably due to the release of sulfate sulfur which T —T——T———T——T T T T T ]

S“ghtly adhered to the surface_ 9 Element Atomic Concentration (%) -
The detected amount of nitrogen on the surface of the 5] s Measured ]

composite was very low. As may be observed in ] 2 o » ]

Fig. 5(b), the S(B) peak intensity at 168.6 eV decreased 3 cuzp 92

in relation to the peak at 162.6 eV which is due to the S2p 87

sulfur in the copper sulfide form. This copper sulfide, asg °’]
already emphasized, is generated in the colloidal formZ 44
and it presents a negative chaf§e?>3It is believed to s
interact with the part of the polyimide that was hydro-  ,]
lyzed and acquired positive charge, through the protona-
tion of the nitrogen of the amide, because the copper
sulfide was generated in acid media. At this point we % an o v b o oo o o o o
may postulate that the interaction between the copp Binding Energy, eV

sulfide and amide group through mtrog.en really hgppen]&;IG. 4. XPS profiles of the CuS/Kapt8rcomposites that were (a) not
and the growth of copper sglﬂde Iayer is responsible forg, 4 and (b) sonicated.
the low surface concentration of nitrogen. In that way

this part of the polyimide, associated with the copper

sulfide, is closer to the surface that characterizes the intABLE VII. Comparative XPS data.

crease of the “partially oxidized” carbons and we should CuS/Kaptoft nonsonicated CuS/Kaptérsonicated
BE Atomic BE Atomic
TABLE VI. Comparative XPS data. Element  (eV) concentration (%) (eV)  concentration (%)
Kaptor® with NH,OH C(1s) 284.6 75.5 284.6 64.8
Original Kaptor® (1 mol LY 285.9 17.8 285.9 22.1
s s 287.2 7.3
BE Atomic BE Atomic 288.1 6.7 288.4 5.8
Element  (eV) concentration (%) (eV) concentration (%)
O(19) 532.1 67.4 532.3 69.7
C 284.6 49.3 284.6 42.8 533.1 32.6 533.5 30.3
285.3 33.2 285.4 32.2
2862 10.2 286.3 13.6 N(1s) 400.0 100 400.1 100
288.2 7.3 288.6 114 Cu(2p) 932.9 932.9
o} 531.9 63.0 532.2 57.4 ggg‘i ggg'g
533.1 37.0 533.4 28.4 ' '
340 140 963.6 964.0
: : S(2p) 162.6 162.2
N 399.8 100 400.1 100 168.6 168.6
3102 — J. Mater. Res., Vol. 16, No. 11, Nov 2001
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for the nonsonicated sample. The interaction of this parthus indicate the formation of CuS. This is in agreement

(amide-carbonyl and acid-carbonyl) of the polyimide with the data of the literatut for the preparation con-

with the copper sulfide can be better visualized by theditions of the composites.

appearance of the peak at 287.2 eV. Data from the lit- Analysis of the XPS spectra of the elements<Lénd

eraturé* show that the interaction between copper andO(1s) present in the BTDA-ODA/CuS composite, com-

carbonyl is possible to occur through the electrons trangpared to the CuS/Kapté&ncomposite, allows one to

fer from the copper to the carbonyl with displacement ofverify a similar behavior for the two composites.

the carbonyl peak from 289.2 to 287.7 eV. These inter- The XPS spectra of the elements Cu and S for the

actions induce a displacement of the carbonyl oxygemBTDA-ODA/CuS and CuS/Kaptdh composites are

peak to higher energy value and consequent overlap witshown respectively in Figs. 6(a) and 6(b). Comparing the

the oxygen present in the ether part of the polyimide. spectra of Cu and S for the composite BTDA-ODA/CuS
The composite BTDA-ODA/CuS presented the lowest

resistance value (Table V) when the polyimide BTDA-

ODA was previously treated with 1 M NJDH, and it  TABLE VIIl. Comparative XPS data.

was twice dipped into the solution to obtain the copper

_ P , ; BTDA-ODA

sulfide deposition. The atomic concentration values of Atomic concentration (%) CuS/BTDA-ODA .
the elements on the surface for BTDA-ODA and for =~ ————— — Atomic fﬁen;:l:‘rzzt'on 6)
BTDA-ODA/CuS composite are shown in Table VIII.

The experimental values for BTDA-ODA are practical- (19 77.9 84 411

ly the same as the theoretical ones. This indicates that th ((iz; 12'5 15'2 171
polyimide was completely imidized. The values of Cu ¢, . 21.1

and S for the composite are of the same magnitude and(x) 20.6

w
w
Z
p ,_/: y - 7 g & e j.-'/ / B
975" 970 965 960 955 950 945 940 935 930 925 o st s M f Az p
(a) Binding Energy, eV 975 ©70 965 960 955 950 945 940 935 930 925
162.2 (@) Binding Energy, eV
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—8B
7+
6
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=
Z a4t
3+
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. ,."' « ,.-‘:,r' ,_"" T .,-" ‘._-‘ < 4."'- . LN AL
178”176 174 172 170 168 166 164 162 160 158 N T T T . Y
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(b) Binding Energy, eV (b) Binding Energy,eV
FIG. 5. (a) Copper @ and (b) sulfur () XPS photopeaks of the FIG. 6. (a) Copper (&) and (b) sulfur () of the (A) CuS/BTDA-
CuS/Kapto® composites: (A) nonsonicated; (B) sonicated. ODA and (B) CuS/Kaptoh composites.
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[Figs. 6(a.A) and 6(b.A)] with the spectra of Cu and S for k&
the CuS/Kaptof composite [Figs. 6(a.B) and 6(b.B)], &
respectively, we can verify that the intensity of the SE
peaks at 168.6 eV, attributed to the sulfate or sulfoneg
species, is lower for the BTDA-ODA/CuS composite.
This evidences the smallest amount of this kind of ad
hered material. This is also evidenced by the larges@
amount of copper sulfide in these composites, arounc
20%, when compared to the CuS/Kaptonomposite
whose found quantity is approximately 9%. Data of the
literature®>—39show that satellites peaks are not observeq
for species contend Cwand Cl and they become only
observed for the species with EuThe BTDA-ODA/
CuS composite presents tA&(2p,,—2p;,,) of 19.9 eV.
This value matches very well with data from the litera- (@
ture3® where the same value was found for CusS. »
The x-ray diffraction pattern of CuS/Kapt®rcompos-
ite film, obtained from the optimized conditions de-
scribed before, shows a diffraction pattern that can b
indexed as Cu$’® The characteristic CuS peaks were
also observed in our laboratory in other polymer/CuS3
composite (for which the polymer substrate has no peak
overlapping the CuS ones). As pointed out before, theg
surface electrical resistance of polyimide/copper sulfide
decreases when the composite was prepared under t
optimized conditions, obtained by RSM. These x-ra
data and surface electrical resistance values matches ve
well with data from the literature for others polymer/CuS
composites in which the conductivity increases from
Cu,S toward CuS24+-43 (b)

C. Thermal analysis

Estimates of thermal stability for polyimide and com- @
posite films were obtained by performing thermal gravi-g&.
metric analysis. As expected, the original Kagtdiim
demonstrated slightly higher thermal stability than the
CuS/Kaptof® composite. The polymer decomposition |
temperature (PDT-10%) for the original Kapforilm
was T = 597 °C while that for the Kaptohfor CuS
composite film wasT = 586 °C. The value of the glass
transition temperature by differential scanning calorim
etry was 370 °C for the original Kapt&nin agreement
with the value of 380 °C found by Stoffet al® and also ,
by Feger and Sardf: The CuS/Kaptofi composite ()

(Tg = 375°C) dld not present accentuated variation NeiG. 7. Scanning electron microphotographs of the KapténS

the glass transition temperature when compared to thémposites with different surface resistancesR@ 1 ohm; (b)R =
original film (T, = 370 °C). These data are in agreement300 ohm; (c)R = 1200 ohm.

to the work published by Rubirat al,** where it is

pointed out that silver-doped polyimide did not present , ) )

any variation in theT, when compared to the original D- Microscopic analysis

polyimide Kaptor®. If one takes into account the experi-  The modifications of the surfaces of polyimides were
mental error inl,, no change appears in thermal stability accompanied at macroscopic level by measures of XPS,
when the copper sulfide was incorporated on the respe@s described in the previous section. However local dif-
tive films. ferences at the microscopic level can be analyzed using

Cantanc: R J. Mater. Res., Vol. 16, No. 11, Nov 2001
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SEM and AFM. The detailed analysis of the particles The AFM images obtained on CuS/Kaptofiim, with
surface density and particles distribution in compositeghe resistance of 1.2 ohms, and on BTDA-ODA:ASD/
has been carried out to understand, on a molecular basiSuS film, with the resistance of 1.3 ohms., are presented
the difference between the samples with high and lown Figs. 8(a) and 8(b), respectively. The CuS/Kagton
electrical resistances. Figure 7 illustrates microphotoeomposite [Fig. 8(a)] presents the growth of a quite ho-
graphs (5200x magnification) of CuS/Kaptonompos- mogeneous phase on the surface. The continuity of the
ite with different surface resistances. In that morphologiccopper sulfide on the film surface and the sizing unifor-
exam an almost total films overlaying was observed in amity, in that phase, were verified. In Fig. 8(b) a very
thick sulfide layer, being constituted from uniform sized uniform distribution of juxtaposed particles, similar to
particles. In Fig. 7(a) may be visualized an almost unithe CuS/Kaptofi composite film [Fig. 8(a)], was
form base, without flaws, that reveals a continuity of theachieved. It is in agreement with the expect structure
film, morphology that allows a good electrical conduc-when the optimized conditions, determined by the facto-
tion. In Figs. 7(b) and 7(c) it may be observed a lack ofrial design, are used.

uniformity of the samples, with flaws. This nonunifor-

mity causes strong influence in the electrical resistance,

because the flaws and metallic sulfide behave as a phasit. CONCLUSIONS

separated structure. These data are in agreement to thecOpper sulfide incorporation onto the surface of poly-

work published by Rubirat al*® They doped the poly- jmide showed that treatment with base was necessary for
imides BTDA/ODA and BDSDA/ODA with the addictive  aqnherence of the copper sulfide to the polymeric matrix.

[AQ(COD)(HFA)], (1,5-cyclooctadiene)(hexafluoro- ysing optimized conditions, polyimide/CusS with electri-
acetylacetonato) silver(l), to obtain a film of metallic silver 5| resistance as low as 1.0 ohm can be obtained. The
stuck_on th_e polyimide surface. During this treatment thelncorporation of copper sulfide onto the polyimide sur-
electric resistance of the surface of the BDSDA-ODA/AGf5ce was demonstrated by XPS. Homogeneous CusS dis-
film became smaller. This material presented juxtaposegiption in all composite surfaces was observed by

particles, in a continuous layer, as evidenced by the scantanning electron microphotographs and by the images
ning electron microphotographs. from atomic force microscopy.
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