
714 Chem. Mater. 

electron generation and injection properties including these 
additive and binder effects will be presented in a further 
publication. The spectral response of the best photore- 
ceptor obtained in this work is shown in Figure 8. The 
photoreceptor exhibited a high and flat sensitivity of about 
1.2 cm2/wJ in the absorption region of the TiOPc (6QO-850 
nm). At  present, these are the best data for all-organic 
double-layered photoreceptors that can work in the pos- 
itive charging mode and are on a practical 

Conclusion 
We have developed a new class of electron-transporting 

compounds, unsymmetrically substituted dipheno- 
quinones. The unsymmetrical substitution remarkably 
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enhanced not only the solvent solubility but also polymer 
dispersibility of diphenoquinone derivatives. High electron 
mobilities over lo+ cm2/V s were obtained for the first 
time in organic amorphous films with transport-active 
molecules dispersed in common binder polymers. More- 
over, it has been found that electrons can be injected from 
TiOPc pigment into the diphenoquinone-doped poly- 
carbonate, demonstrating the possible application to xe- 
rographic photoreceptors that can work in the positive 
charging mode. 
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The photoreduction of potassium iron(3+) oxalate in the presence of palladium(Z+) chloride results 
in the selective formation of palladium metal, which can catalyze copper plating from an electroless bath. 
This procesa is characterized by a rapid photospeed at several ultraviolet wavelengths, and selective electroless 
deposition of copper occurs only in the irradiated regions. A chemical treatment of the polyimide film, 
prior to treatment with the photocatalytic mixture results in excellent adhesion of the copper-plated pattern 
to polyimide. In an attempt to understand the mechanism for both adhesion and the photoformation of 
the active catalyst, an in situ X-ray photoelectron spectroscopic study was initiated. The results indicate 
base hydrolysis of the Kapton to form the disodium salt of polyamic acid, cation exchange at the polyamic 
acid groups, the rapid photoreduction of Fe3+ to Fe2+ and the slower reduction of Pd2+ to Pdo. Mechanisms 
for copper-Kapton adhesion and for the photoformation of palladium metal are proposed based upon the 
results of this surface study. The described process utilizes aqueous solutions and thus is attractive for 
both manufacturing and environmental reasons. The simplicity of this method for creating selective copper 
circuit patterns and for producing highly adherent films of copper onto polyimide is highlighted. 

Introduction 
The metallization of dielectric materials is critical to the 

production of high-density microelectronic packaging 
components. The requirements placed upon the dielectric 
media have become increasingly stringent. Many mi- 
croelectronic applications require low dielectric constants, 
thermal stability a t  elevated temperatures, a high degree 
of flexibility, and good tensile strength. Polyimides derived 
from pyromellitic dianhydride and oxydianiline (PMDA- 
ODA) have been extensively utilized because they meet 
the above requirements, are resistant to chemical attack, 
and are readily available as solutions, suspensions, and 
free-standing films.' Although several chemical and 
physical techniques for polymer metallization are available, 
these methods require polymer lithography to define the 
metal circuits? Efforts to reduce the costa associated with 
the fabrication of multilayered packaging modules have 
stimulated research into alternate techniques for selective 

(1) Billmeyer, J. K., Jr. Textbook of Polymer Science; Wiley-Inter- 
science: New York, 1971; p 506. 

(2) Thompson, L. F.; Willson, C. G.; Bowden, M. F. Introduction to 
Microlithography; ACS Symposium Series 219; American Chemcial So- 
ciety: Washington, D.C., 1983. 

metallization. Photoselective metallization of polyimides 
via electroless plating offers several advantages including 
the elimination of lithographic steps, reduced fabrication 
costs, and simplicity. 

Additive metallization via electroless deposition is ini- 
tiated by a nobel-metal catalyst? Several techniques have 
been explored for achieving selectivity of the active cata- 
lyst, which in turn provides selectivity of the plating 
process. Selective metal plating from electroless solutions 
was previously achieved by the UV-induced oxidation of 
tin( 2+) colloids,4 by the photoreduction of palladium- 
(2+)-activated Ti02 films: by photoinhibition of active 
palladium-tin catalyst: by the laser-induced decomposi- 
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I 
Figure 1. Section of an electrolessly plated copper circuit pattem 
on a free-standing Kapton film. The pattern was produced by 
the method described using 30 s of UV irradiation (0.84 J/cm2 
at  365 nm), plated for 5 min in the electroless copper solution, 
baked to 125 “C for 2 h and electroplated to a thickness of 2 pm. 
The pattern displayed minimum line widths of 30 pm and good 
adhesion. 

tion of palladium(2+) fl-diketonates,’ and by the photo- 
chemical formation of a gold catalyst.8 In all of these 
approaches, light is used to define the regions of catalytic 
activity, thereby achieving selectivity of the metal plating 
process. 

In this paper, an alternate technique for the photose- 
lective metallization of polyimide films is described. Base 
hydrolysisg of the Kapton films provides excellent cop- 
per-Kapton adhesion and was used in tandem with a 
photoreactive iron-palladium catalystlo to achieve selective 
copper plating. X-ray photoelectron spectroscopy (XPS) 
was utilized to study the chemistry occurring on the 
Kapton surface. At  high energy resolution, shifts in the 
binding energies (BEs) can be generally correlated with 
the chemical environment of a specific atom. In particular, 
both F e ( 2 ~ ~ ~ ~ )  and Pd(3d5/,) emissions were monitored to 
elucidate a probable mechanism for the formation of 
palladium metal, the active catlayst for electroless copper 
plating. This simplified approach for selectively forming 
copper circuit patterns (Figure 1) displays great potential 
for microelectronics applications as a result of the rapid 
photospeed, excellent coppel-polyimide adhesion, and the 
high degree of spatial resolution from conventional expo- 
sure sources. 

Experimental Section 
Potassium ferric oxalate trihydrate, K3Fe(C204)3*(H20)3, was 

purchased commercially from Alfa Chemicals: 4.00 g (0.008 mol) 
was dissolved with vigorous stirring into 100 mL of deionized 
water. Tetraamminepalladium(2+) chloride hydrate (0.20 g, 
0.000 76 mol, Aldrich Chemical Co.) was dissolved in the aqueous 
iron oxalate solution to prepare the catalyst. A 1.0-L aqueous 
solution containing 100 g (2.50 mol) of NaOH (Aldrich Chemical 
Co.) and 20.0 g (0.0685 mol) of NJVJV’JV’-tetrakis(2-hydroxy-n- 
propy1)ethylenediamine (Aldrich Chemical Co.) was prepared and 
used to hydrolyze the Kapton surface. Polyimide films (Kapton) 
were purchased from Du Pont and were 2 mils (50 pm) thick. The 
free-standing films were cut into approximately 2-in. squares and 
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used as received. Base hydrolyis of the polyimideg was achieved 
by immersion of the Kapton film into the basic ethylenediamine 
solution for 5-10 min. The polyimide film was then rinsed in 
flowing deionized water (30 s), immersed into the F e P d  solution 
for 10 min, and spun-dry on a lithographic spinner for 60 s at 2000 
rpm. 

X P S  analyses were performed on a Surface Science Instruments 
SSX-100 model 05 spectrometer, equipped with a monochro- 
matized Al Ka source. A 600-pm spot was used throughout. For 
survey data, the analyzer pass energy was 150 eV; for high-res- 
olution spectra, a 50-eV pass energy was used. System base 
pressure was -8 X 10-lo Torr. Neutralizing low-energy electrons 
were supplied as necessary to counteract charging. 8, the angle 
between the sample plane and the analyzer, was 35O and translates 
into giving an analysis depth of about 50 A. 

We took 1000-eV survey spectra after high-resolution scans for 
major constituents (C(ls), O(ls), N( ls), Pd(3d512), F e ( 2 ~ ~ ~ ~ ) )  as 
applicable. The samples were examined after a prolonged 
pump-down period to remove residual water from the substrates. 
Kapton films were analyzed as received, after 5 and 10 min of 
immersion into the basic ethylenediamine solution. Analyses were 
performed on Kapton films that had been immersed into the 
potassium iron oxalate-palladium chloride solution (10 min) after 
immersion into the basic ethylenediamine solution (10 min). Two 
other films, one immersed in K3Fe(C204)3 and the other in Pd- 
(NH3)4C12, were also analyzed and used as control samples for 
the study. Lastly, K3Fe(C204)3 and Pd(NHd4CI2 crystalline solids 
were pressed into indium metal and analyzed as references. 

The iron/palladium-treated Kapton films were irradiated with 
an Optical Associates Inc. exposure tool (Model 780) equipped 
with a 500-W Hg-Xe deep-UV lamp (Advanced Radiation Corp.). 
The power was measured using an Optical Associates (Model 270) 
power meter equipped with several broadband probes and found 
to be 8 and 28 mW/cm2 a t  254 and 365 nm, respectively. The 
UV radiation was passed through either a chrome-on-quartz or 
chrome-on-Pyrex lithographic mask to achieve the desired circuit 
pattern. For the in situ XPS irradiations, the output of the lamp 
was directed through the window of the antechamber on the XPS 
instrument (base pressure -8 X lo* Torr). To calculate the UV 
exposure dose during in situ radiation of the films, a correction 
for the optical losses at the vacuum window was necessary; it was 
experimentally determined that the window was 90% trans- 
mitting. The W doses reported throughout this paper correspond 
to the dose at  365 nm. For the XPS studies, the samples were 
exposed in the antechamber and then moved to the main chamber 
for analysis; this procedure was repeated for prolonged irradiation 
experiments. The ir0n(2p~/~), palladium(3dy2), potassium(2p), 
and carbon(1s) spectra were collected as a function of irradiation 
time. 

The X-ray sensitivity of the iron oxalate complex during the 
analysis was of concern, as was it’s sensitivity to the neutralizing 
electrons. Therefore, several control runs were performed on the 
Kapton films that had been mated with the F e P d  mixture, with 
K3Fe(C204)3, and with Pd(NH3)4C12 to determine the extent of 
decomposition upon X-ray exposure. The Fe3+ in K3Fe(C204)3 
was found to reduce under the X-ray beam over a period of several 
minutes, still slow enough to monitor changes induced by the W 
exposure. However, Pd2+ in Pd(NH3)4C12 was reduced only after 
hours under the X-ray beam. No chemical change in the Fe3+ 
or Pd2+ complexes was observed after prolonged exposure to the 
neutralizing electrons. We concluded that the best way to min- 
imize the X-ray beam decomposition, which could complicate the 
mechanistic interpretation, was to move to a fresh site on the 
sample for each analysis. Thus, measurements were made in one 
area, the film blanket UV irradiated and subsequently monitored 
in a region that had not been X-ray beam exposed. The iron 
spectrum was always taken first, and the analysis time was kept 
to the feasible minimum. This method allowed the X-ray de- 
composition during the analysis to be minimized but adds un- 
certainty due to lateral inhomogeneity. 

Surface atomic concentrations, Ci, were estimated from the 
survey data with 

Ii/ai 
ci = 1 0 0 7  

CIi/ai  
i l l  
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Table I. Surface Atomic Concentrations, Estimated from XPS Survey Data witha 
zi / gi ci = 1 0 0 7  

C Z i / U i  

sample C 0 N Si Na Fe Pd c1 K 

i=l 

Kapton, as recd 75.0 17.0 4.8 2.9 

NaOH soh. 10 min 72.0 18.0 5.3 4.1 
NaOH soln, 5 min 71.0 20.0 4.8 4.5 

NaOH soh.+ Fe-Pd cat. soln 44.0 36.0 6.2 
NaOH soln + Fe soln 36.0 48.0 1.4 

1.6 1.5 0.73 10.0 
2.5 13.0 

NaOH soln + Pd soln 54.0 17.0 16.0 4.6 8.8 
PMDA-ODA (theory) 75.9 17.2 6.9 
polyamic acid Na salt (theory) 66.7 21.2 6.1 6.1 
ethylenediamine (theory) 70.0 20.0 10.0 
K-8e(CL4)s (theory) 27.3 54.5 4.5 
Pd(NHs),Cl2 (theory) 57.1 14.3 28.6 

"Zi and ui are the signal intensities and elemental cross sectionss for the ith element, respectively. 

where Zj and ui are the signal intensities and elemental cross 
sections" for the ith element, respectively. This calculation 
assumes uniform elemental distribution versus depth. High- 
resolution binding energies were referenced to the lowest peak 
fit carbon 1s line taken as 284.6 eV. 

After UV exposure, the Kapton samples were plated in an 
electroless copper solution (Dynachem, 835 medium copper so- 
lution). This commercial bath operates at room temperature with 
a pH of 12 and utilizes formaldehyde as a reducing agent. The 
plating of a thin, copper film was achieved in 3-10 min after 
immersion into the above solution. A copper film (0.5 pm thick), 
as defined by the lithographic mask pattem, was selectively plated 
onto the exposed regions of the substrate. Other copper and nickel 
plating baths were observed to produce metal deposits under 
similar process conditions. The metallized polyimide film was 
rinsed in deionized water. A thermal bake step was used to ensure 
good copper-to-polyimide adhesion; this consisted of heating the 
sample for several hours (temperatures ranged from 125 to 400 
"C). Copper to polyimide adhesion waa quantified by pull testing 
lines that were electroplated to a thickness of 15-25 pm. A Selrex 
acid copper plating solution was used to electrolytically plate 
copper. Coppel-Kapton adhesion was determined by pull-testing 
with an Instrumentors Inc. slip/peel tester at a 90° angle to the 
substrate and a peel rate of 0.25 in./min. 

Results and Discussion 
Base Hydrolysis and Surface Modification. Base 

hydrolysis of Kapton (Figure 2) occurs upon immersion 
of the film into the NaOH solutiong containing tetrakis- 
(2-hydro~y-n-propyl)ethylenediamine.~~ XPS was utilized 
to examine the Kapton films; high-resolution spectra of 
C(ls), 0(2p), and N(1s) were monitored for the "as 
received" films, after 5 and after 10 min of immersion into 
the NaOH-ethylenediamine solution. As shown in Table 
I, the "as-received" surface of the Kapton is contaminated 
relative to the theoretical stoichiometry. The base hy- 
drolysis results in a modification of the surface, as evi- 
denced by the immediate removal of the silicon species and 
observed changes in the C(ls), 0(2p), and N(1s) emission 
spectra. The sodium to nitrogen ratio is 0.9 and 0.8 after 
5 and 10 min of immersion, respectively, and strongly 
suggests that the detected surface is predominantly the 
disodium salt of polyamic acid (Figure 2). Further, the 
high-resolution C, 0, and N spectra are consistent with 
polyamic acid formation after base hydrolysis of the  
Kapton surface?Js16 The formation of the disodium po- 
lyamic acid salt upon NaOH hydrolysis of PMDA-ODA 

(11) Scofield, J. H. J. Electron Spectrosc. 1976, 8, 129. 
(12) Grapentin, J.; Mahlkow, H.; Skupsch, J. US. Patent 4,574,095, 

1985. 
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Figure 2. Chemical scheme depicting base hydrolysis and cation 
exchange of films of pyromellitic dianhydride-oxydianiline 
(PMDA-ODA) polyimide as described in this work. 
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Figure 3. XPS Fe(2p3,z) spectra of a Kapton film after immersion 
into basic ethylenediamine (10 min) followed by immersion into 
the iron-palladium catalyst solution (10 min) (a) as deposited, 
(b) after 30 seconds in situ UV irradiation, (c) after 60 s; (d) after 
180 s; (e) after 210 e; (0 Kapton f i i  after immersion into basic 
ethylenediamine solution (10 min), followed by immersion into 
K3Fe(C20J3 solution and UV irradiated for 210 s (5.3 J/cm2). 

is analogous to that reported for hydrolysis with KOHag 
Surface modification of bulk polyimide films has been 
shown to be diffusion limited and thus immersion-time 
dependent?J3 Also, the sodium to polyamic acid ratio is 

732.9 Binding Energy (eV) 702.9 

(13) Plechaty, M. M.; Thomas, R. R. J. Electrochem. SOC., submitted. 
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cations with the polyamic acid layer. 
The rate and extent of ion exchange is dependent upon 

the ionic activity of the cation, which, in turn, is related 
to the charge and ionic strength of the cation.18 Other 
studies18 have shown that the ionic potential of the cation 
may affect the ion exchange activity. The ionic potential 
(IP) is defined as the charge of the ion (2) divided by the 
ionic radius (r) ,  such that IP = Z / r .  In the current study, 
the nearly 1:l ratio of the Fe to Pd and the large increase 
in the potassium (K) signal on the modified Kapton sur- 
face are best explained in terms of the ionic potential for 
the specific cations. For K+, Pd2+, and Fe3+ present in 
the catalytic solution, the ionic potentials are 0.75, 2.5, and 
4.7 charge/A, respectively. Since the ion exchange activity 
is inversely related to IP, the activity for ion exchange is 
expected to be K > Pd > Fe. Therefore, the actual solu- 
tion concentrations and the ionic potential of the indi- 
vidual cations will determine the extent of ion ex- 
change.l3Je 

A small exchange activity for high oxidation state metals 
(i.e., AP+ and Cr3+) with the sodium salt of polyamic acid 
has been reported.14 These cations possess activity coef- 
ficients similar to that of Fe3+ l9 and the ionic potentials 
are 5.88, 4.76, and 4.7 chargejA for AP+, Cr3+, and Fe3+, 
respectively. Thus, the relative ion-exchange activity 
would be given by Fe > Cr > Al. It should be further noted 
that the activity for Cr3+ exchange with polyamic acid 
increased at  higher pH.14 Thus, in this study the ionic 
exchange of Fe3+ is not unreasonable and would be ex- 
pected. Although the incorporation of iron is observed, 
it is not clear whether the entire iron oxalate complex is 
exchanged or if a modified iron complex (i.e., K2Fe(C20J3-) 
diffuses into the modified Kapton surface to preserve 
charge neutralityls (see below). Further, since XPS is a 
surface-sensitive technique (=50 A), the iron species could 
be present only at the very surface of the modified Kapton 
film. Since the XPS emission of the carbonyl carbons from 
the Kapton, the polyamic acid layer and from the K,Fe- 
(C20J3 overlap, it is impossible to derive the stoichiometry 
of a specific iron species after cationic exchange. Never- 
theless, the photoactivity of the oxalate system is not 
eliminated nor diminished (see below), and thus one would 
postulate that the iron is complexed by oxalate ligands in 
a fashion similar to the original iron oxalate complex. It 
is possible, although unlikely, that the iron is exchanged 
followed by association of free oxalate ligands to the iron 
center. The ionic mobility of the oxalate ligand19 is re- 
ported to be quite high, but this would require that the 
iron(3+) oxalate molecule be essentially decomposed in the 
catalytic solution. 

Several comments should be made toward the ion ex- 
change of palladium. First, the ionic potential of Pd2+ is 
similar to that of other metallic cations that exchange with 
polyamic acid14 and cationic exchange has been reported.13 
Second, the palladium could be bound to two adjacent 
carboxylate groups in the polyamic acid layer to preserve 
charge neutrality. Alternatively, other anionic species 
could serve the same purpose. Last, the ultimate reduction 
of Pd2+ will lead to the active catalyst for electroless copper 
plating, and a mechanism for photoreduction is proposed 
below. The mode of coppel-polyimide adhesion may relate 
to the ability of the polyamic acid to ion exchange and 
incorporate metal cations into the film. Upon photore- 
duction of the Pd2+, the catalytic site for electroless copper 
plating is incorporated into the modified Kapton surface. 

351.0 Binding Energy (eV) 331 0 

Figure 4. XPS Pd(3d6,,) spectra of a Kapton film after im- 
mersion into basic ethylenediamine solution (10 min) followed 
by immersion into the iron-paladium catalyst solution (10 min) 
(a) as deposited; (b) after 30 s in situ UV irradiation; (c) after 
60 s; (d) after 180 s; (e) after 210 s; (0 Kapton f h  after immersion 
into basic ethylenediamine (10 min), followed by immersion into 
Pd(NHS),C12 solution and UV irradiated for 210 s (5.3 J/cm2). 

consistent with that found for treatment of polyamic acid 
with Na-containing base." 

Kapton films were examined after sequential immersion 
into the NaOH-ethylenediamine solution and the Fe-Pd 
catalytic solution; surface concentrations derived from the 
survey data are given in Table I. The high-resolution 
Pd(3dbI2) and F e ( 2 ~ , / ~ )  spectra were obtained, as shown 
in Figures 3a and 4a, and displayed binding energies of 
338.5 and 711.2 eV, respectively. These values are con- 
sistent with the reported values of Pd2+ l6 and Fe3+ l7 and 
are identical with the binding energies determined for 
K3Fe(C204)3 and Pd(NH3),C12 deposited onto the base- 
hydrolyzed Kapton separately. A second observation of 
the XPS data is that a 1:l ratio of iron to palladium occurs 
on the surface of the Kapton film. This is quite unex- 
pected because the potassium iron@+) oxalate was in large 
excess (>lo mol equiv) to the palladium chloride concen- 
tration in solution. Although the high-resolution spectra 
show no binding energy shifts between the materials de- 
posited separately and deposited a a mixture (no drastic 
chemical state changes), the Fe-Pd-treated Kapton surface 
does not reflect the concentrations of the components in 
solution. This result was confirmed several times by using 
freshly prepared solutions and coating Kapton films as 
described earlier. The Pd/Cl and K/Fe ratios are also 
higher than those measured from the individual compo- 
nents which were deposited separately (Table I). As 
mentioned above, base hydrolysis of PMDA-ODA results 
in the formation of the disodium salt of polyamic acid. 
After immersion of this film into the Fe-Pd solution, ion 
exchange a t  the carboxylate groups is observed as evi- 
denced by the complete absence of sodium signal and the 
incorporation of K, Fe, and Pd cations (Figure 2). Es- 
sentially, polyamic acid behaves as a cation-exchange resin 
with ion exchange occurring at  the carboxylic acid 
~ T O U ~ S . ~ ~ J ~  A facile exchange reaction of the polyamic acid 
sodium salt with various cations (alkali-earth and transi- 
tion metals) has been previously reported.13J4 The ratio 
of iron to palladium on the modified Kapton surface may 
be indicative of the ion-exchange affinities for these specific 

(14) Linde, H. G.; Gleaeon, R. T. J. Polym. Sei., Part B: Polym. Phys. 
1989,27, 1485. 

(15) Dilks, A. In Electron Spectroscopy-Theory, Techniques and 
Applications; Brundle, C. R., Baker, A. D., Eds.; Academic: London, 
1981; Vol. 4. 

(16) Wagner, C. D.; Rigp, W. M.; Davis, L. E.; Moulder, J. F.; Mui- 
lenberg, G. E. Handbook of X-Ray Photoelectron Spectroscopy; Per- 
kin-Elmer Corp.: Minnesota, 1978. 

(17) Brundle, C. R.; Chuang, T. J.; Wandelt, K. Surf. Sei. 1977,68,459. 
(18) For a comprehensive review of ion exchange, see: Kunin, R. Zon 

Exchange Resins, 2nd ed.; Wiley: New York, 1963. 

(19) Kjelland, J. J. Am. Chem. Soe. 1937, 59, 1675. This paper pro- 
vides activity coefficients for a variety of cations and anions that are 
pertinent to this study. 
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Thus, it is not unreasonable to assume that the presence 
of the carboxylate groups and their ability to ion exchange 
are responsible for the improved copper-Kapton adhesion 
(see below). 

It should be noted that the exact role of the tetrasub- 
stituted ethylenediamine is not clearly understood at  this 
time. The binding energies of the nitrogens from the 
Kapton, the ethylenediamine, and Pd(NH3)4C12 overlap. 
Further, the ethylenediamine consists only of C, H, N, and 
0, with a stoichiometry similar to that of the Kapton itself 
(Table I), and there is no unique "tag" to indicate how 
much is present on the modified Kapton surface. If any 
is present, ethylenediamine chelation could potentially 
enhance the copper to polyimide adhesion. However, a 
more detailed study is required to understand the role of 
the ethylenediamine during base hydrolysis of the Kapton 
surface. 

After ion exchange with the catalytic solution, chlorine 
was found on the modified Kapton surface (Table I). The 
presence of C1 or other anions does not occur by ion ex- 
change but may occur to preserve charge neutrality in the 
exchanged polyamic acid. Further, charge neutrality could 
be preserved by the oxalate ligand itself (C204*) or by the 
presence of a modified iron oxalate anion, such as K2Fe- 
(c204)3-, as stated above. In any case, incorporation of 
either of these anionic species would explain the small 
surface concentration of C1 from the Fe-Pd catalytic 
mixture as compared to the C1 concentration for the Pd- 
(NHJ4C12 solution alone. Last, the large K+ concentration 
in the hydrolyzed Kapton may be explained by both ion 
exchange of the free cation and its association with the 
iron@+) oxalate complex. High K/Fe ratios were observed 
for films exposed to both the individual Fe(3+) oxalate 
(5.2:l) solution and to the mixed Fe-Pd solution (6.3:l). 

Photochemical Considerations. The photosensitivity 
of potassium ferric oxalate is well documented in the lit- 
eraturem and as a result of its high quantum efficiency is 
often used as a photochemical actinometer. The quantum 
yield for the photoreduction of iron(3+) to iron(2+) was 
found to be unity or greater between 250 and 400 nm21 and 
is quite high at longer wavelengths as The pho- 
toreaction proceeds via electron transfer from an oxalate 
ligand orbital to a metal Tlg or E orbital,23 thereby pro- 
ducing an Fe2+ species (eq 1). Although the exact pho- 

Fe3+ 2 Fez+ (1) 

2Fe2+ + Pd2+ - PdO + 2Fe3+ (2) 
toproducts may depend strongly upon the environment 
(i-e., solid, solution) during photolysis, it is generally ac- 
cepted that K2Fe(C204)2, C02, and/or CO are the major 
 photoproduct^.^^ To confirm this, K3Fe(C2O4I3 was 
pressed into a KBr pellet, irradiated with UV light, and 
monitored by infrared (IR) spectroscopy. Upon irradia- 
tion, the immediate formation of two absorbances centered 
at  2345 and 663 cm-' were observed and correspond to the 
formation of The concentration of C02 increased 
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with the time of irradiation for times up to several minutes. 
Several other spectral changes were observed and are 
consistent with the reported IR absorbances of K2Fe- 

In the present work, the interaction of the iron oxalate 
system with palladium(2+) chloride was expected to occur 
by a simple redox process, as shown in eqs 1 and 2, or by 
an electron-hole pair mechanism, as previously report- 
ed.lOa In both mechanistic interpretations, however, the 
proximity of the iron center to the palladium species would 
be quite critical. 

The inherent surface sensitivity of XPS allows one to 
readily probe the chemical state changes during the pho- 
toselective process described herein. An in situ XPS study 
was undertaken to understand the mechanism by which 
palladium metal (the active catalyst for electroless copper 
plating) is formed upon UV exposure of the treated Kap- 
ton film. In vacuo irradiation of the film eliminates the 
potential autooxidation of the primary iron(2+) photo- 
product and greatly simplifies the interpretation of the 
mechanistic data. Thus, one can examine the photoreac- 
tion without environmental complications. Finally the 
high-resolution analysis of both the iron and palladium 
emissions enables the photoreaction to be closely moni- 
tored unambiguously. 

Figures 3b-e and 4b-e show the high-resolution Fe and 
Pd spectra as a function of UV exposure time. It was 
observed that during UV irradiation, the pressure in the 
antechamber would increase from lo-" Torr to the low lob 
or high lo* Torr range. An immediate decrease in pressure 
was observed when the UV source was turned off. This 
observation is consistent with the formation of a gaseous 
photoproduct such as C02, as previously 
After a UV dose of only 756 mJ/cm2 or 30 s of exposure 
(Figure 3b), the F e ( 2 ~ ~ / ~ )  peak maximum is a t  710.4 eV, 
consistent with Fe2+ f ~ r m a t i o n . ~ ~ ~ "  Although the Fe3+ 
satellite a t  721 eV is still visible, the main peak becomes 
narrower upon prolonged UV irradiation. The Fe(2p3/,) 
spectra for exposures longer than 60 s (21.5 J/cm2) are 
essentially superimposable (Figures 3c-e). 

The Pd(3d5,,) spectrum after 30 s of UV irradiation 
(Figure 4b) has its peak maximum still a t  338.5 eV, with 
only a very slight shoulder to lower BE. This shoulder 
shifts to still lower BE and increases in intensity with 
increased UV exposure. After a W exposure dose of -5.3 
J/cm2 (210 s), 40% of the original Pd(3d6/,) signal is in 
the low-Be shoulder. 

The literature binding energy for metallic Pd is 334.9 
eV.16 The low BE shoulder a t  low UV doses (Figure 4) is 
found at  a binding energy >1 eV higher than that value. 
Binding energy shifts for Pd(3d5,,) were found in 
Feo.7$do.21 alloy (335.9 eV).28 Similarly, increasing Pd- 
(3d6/2) binding energies with decreasing Pd content are 

although specific shifts were not given. Last, 
increasing binding energies for Pd are reported for de- 
creasing Pd clusters size.30 Therefore, a t  low UV doses, 
it appears that the reduced Pd atoms are isolated, only 
becoming more metallic (having mostly other Pd (0) 
neighbors) after continued irradiation. 

The above discussions assume that the observed Pd- 
(3d5/J peak shifts are not due mainly to nonlinear charging 

(c20,)2.26 

(26) Temperley, A. A.; Pumplin, D. W. J. Imrg. N u l .  Chem. 1969,31, 

(27) Spencer, H. E.; Schmidt, M. W. J. Phys. Chem. 1976, 75,2986. 
(28) Lee, W. Y.; Scherer, S.; Eldridge, J. M.; Lee, M. H.; Geisa, R. H. 

(29) Zakharov, A. I.; Narmonev, A. G.; Batirev, I. G. J. Magn. Magn. 

(30) Mason, M. G. Phys. Rev. B 1983,27, 748. 

2711. 

J. Electrochem. SOC. 1979,126, 547. 

Mater. 1984,44,105. 



Formation of Adherent Copper Films 

with the insulating substrate. It has been demonstratedg1 
that XPS determination of chemical bonding effects with 
small metal particles on polymer substrates can be com- 
plicated by differential charging. Each high-resolution 
spectrum was referenced to the carbon(1s) emission so as 
to increase the precision of the absolute binding energies 
of each species. Although some experimental error is ex- 
pected, the magnitude of the Pd(3d6/J binding energy shift 
upon irradiation is large enough to indicate that we are 
observing the photoreduction of Pd2+. Cluster size and 
isolation of the palladium species on the insulating sub- 
strate may account for the binding energy shift on early 
irradiation (<1 J/cm2). It is not possible, however, to rule 
out the presence of a Pd species whose formal charge is 
greater than zero. 

Figure 3f shows the Pd(3dSl2) spectrum of hydrolyzed 
polyimide after treatment with only Pd(NH3)4C12 (no iron 
oxalate) followed by 210 s of UV radiation (dose of 5.29 
J/cm2). As is clearly evident, UV photoreduction of Pd2+ 
in the absence of the Fe2+ species is minimal. In the 
presence of the iron oxalate complex, the photoreduction 
of palladium(2+) was slow and does not coincide with the 
reoxidation of Fe2+ back to Fe3+; this result indicates that 
the expected redox reaction (eq 2) is not operative. On 
the basis of our observations and the reported literature, 
the most likely explanation for the formation of palladi- 
um(0) is via photoconduction of electrons in the solid f i  
or, more appropriately, molecular electron transfer from 
the iron(2+) oxalate to the palladium(2+) center. 

Photoconductivity has been observed in a number of 
iron systems and is often correlated with the presence of 
an iron(2+) species. For example, photoconduction in iron 
oxide (Fe203) filmsB and in iron-doped InP filmsgs and the 
semiconducting behavior of iodine-doped organoiron com- 
plexesg4 (i.e., (L)Fe(C0)3, where L is an unsaturated or- 
ganic ligand) has been reported. In the iron-doped InP 
films, the Fe2+ ,E a 6Tz electronic transitions are invoked 
to explain photoluminescent and conduction behavior.33 
In the iodine-doped (diene)Fe(CO)3, Mossbauer spec- 
troscopy indicated the formation of an iron(2+) species 
concurrent with the onset of the semiconducting proper- 
ties. The semiconducting behavior was attributed to a 
low-spin Fe2+ complex that constructed a carrier/transport 
system for electrical conduction.” More specifically to the 
current study, the photoconductivity of ferric oxalate 
(solid) upon UV irradiation has been reported by several 
g r o ~ p s . ~ ~ ? ~ ~  Further, a UV-generated photocurrent has 
been detected and is consistent with the formation of 
iron(2+) oxalate on the measuring ele~trode.~” The 
photoconduction activity increased with increasing Fe2+ 
concentrations. In a separate study, the charge carriers 
for conduction were determined to be of electron character 
( n - t y ~ e ) . ~ ~ ~  Therefore, it is postulated that reduction of 
Pd2+ to PdO occurs via molecular electron transfer from 
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the primary Fe2+ photoproduct upon continued irradiation, 
as shown in eqs 3-5. The XPS spectra demonstrate that 

K3Fe(C204)3 k+ K2Fe(C2O4I2 + 2C02 (3) 
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K2Fe(C204)2 -.!E. KFe(C204) + C202-2 (4) 

C202-2 + Pd2+ - PdO + 2C02 (5) 

continued irradiation of the iron complex does not alter 
the oxidation state for times greater than 60 s; the iron 
remains in the 2+ state. Concurrently, it was experi- 
mentally observed that gas was evolved even at  long ir- 
radiation times (>120 s). This has been confirmed by IR 
spectroscopy. The continued evolution of C02 is indicative 
of secondary photochemical decomposition of the primary 
Fe2+ oxalate photoproduct. The oxalate ligand, (C2O4I2-, 
is believed to be the source of electrons in the impending 
electron-transfer reaction with the Pd2+ center (eq 5).% 
Upon continued UV radiation, the primary Fez+ product 
is decomposed, and the liberated oxalate results in re- 
duction of Pd2+ to PdO. For the electron hole pair 
mechanism that was previously postulated,’0t11Pd2+ may 
be regarded as the source of holes. On the basis of the 
absence of Fez+ oxidation, the continued production of 
gas(@) with prolonged irradiation and the exceedingly slow 
photoreduction of Pd2+ in the absence of the Fe9+ complex, 
an electron-transfer mechanism appears to be operative. 

Process Considerations. The acute photosensitivity 
of the ferric oxalate system affords rapid photospeeds with 
low-UV doses and provides excellent image contrast upon 
electroless copper deposition. Uniformly plated copper 
patterns have been produced with UV doses ranging from 
as low as 200 to 800 mJ/cm2. Due to the high quantum 
efficiency of the iron(3+) oxalate photoreduction, wave- 
lengths varying from 250 to 400 nm may be used to pro- 
duce selectively plated copper patterns. This enables 
commercially available UV exposure systems to be utilized 
to create copper circuits onto polyimide substrates. The 
initial copper film, or strike layer, is formed in less than 
5 min of plating time in the electroless solution. The 
adhesive integrity of this layer is quite critical because it 
forms the actual interface between the copper and Kapton 
surfaces. It has been experimentally observed that the 
immersion time in the plating solution is critical. Initial 
plating times longer than 10 min result in adhesive failure 
of the “strike” layer. Base hydrolysis and/or ion exchange 
at the surface is time dependentBJ3 and may be responsible 
for this failure. Also, the ethylenediamine molecule is 
exceedingly soluble in basic solutions. Thus, prolonged 
electroless plating at  pH = 12 may interfere with the ad- 
hesive integrity of the copper-Kapton interface. It was 
found that the electroless plating time could be increased 
up to 1 h, without delamination of the copper-plated 
pattern, after thermally curing the substrate to 400 “C. 
The ability to increase the plating time enables thicker 
films of copper to be electrolessly plated directly in a se- 
lective manner. The polyamic acid can undergo thermal 
imidization except where metal carboxylates are present 
in the polymer backbone (Le., K, Fe, or Pd). The presence 
of metal carboxylates has been shown to hinder imidiza- 
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tion.14 Alternatively, the hydroxyl groups of the ethyl- 
enediamine species could undergo condensation reactions 
with the polyamic acid layer upon thermal activation, but 
this requires closer examination (good adhesion has been 
observed after baking to only 125 OC). 

The adhesion of copper films was determined by me- 
chanical pull-testing at  90" to the surface with a peel rate 
of 0.25 in./min. The metallized Kapton films produced 
with photoselective electroless plating were thermally im- 
idized at  400 "C by using a typical polyimide cure cycle 
prior to electroplating. The copper film was then elec- 
troplated to a thickness varying between 15 and 25 pm. 
Measured adhesion values ranged from 70 to 110 g/mm 
with the average values being 80-90 g/mm. These values 
are quite high and indicative of the excellent adhesive 
strength between the plated copper film and the under- 
lying polyimide layer. (Adhesion values of <5 g/mm are 
measured on copper films without base hydrolysis of the 
polyimide.) The ability of the polyamic acid to undergo 
ion exchange is believed to be instrumental in obtaining 
high copper-Kapton adhesion values. Similar adhesive 
values have been reported for polyimide-polyimide in- 
terfaces utilizing base hydroly~is.~ In a separate XPS 
surface study, the interaction of thin metallic films (i.e., 
copper) with polyamic acid promoted metal carboxylate 
formation at  the surface.37 At  the same time, however, 
it is not possible to quantitate the presence of the ethyl- 
enediamine species that could substantially increase metal 
chelation on the modified Kapton surface. Nevertheless, 
the pull-test values are indicative of a high degree of ad- 
hesive integrity at  the copper-Kapton interface. 

The exchange of the Fe-Pd catalytic mixture and final 
concentration on the modified polyimide surface are 
critical variables to this photoselective process. These will 
determine the UV dose required to achieve the desired 
plating activity of the catalyst. The most stringent con- 
straint, however, upon the UV exposure dose may be de- 
termined by the desired resolution of the copper-plated 
circuit pattern. Consistent with conventional polymer 
lithography, the resolution of a particular feature size is 
increased with increasing UV dose.2 Thus, the UV expo- 
sure dose must be optimized to obtain uniform catalysis 
during copper plating while achieving the minimum feature 
size of the pattern. 

The resolution of a given feature size will depend 
strongly upon the exposure dose and the final thickness 
of the electrolessly plated copper. Due to the isotropic 
behavior of most electroless plating solutions, the width 
of the feature being plated increases by a factor of twice 
the line thickness. For example, if a 10-pm wide line is 
being plated to a 2-pm thickness, then the final line width 
would be 14 pm. Thus far, utilizing the photoselective 
catalytic process to produce thin copper films (0.5-pm 
thickness), line widths below 10 pm are clearly resolved 
(Figure 5). 

!37) Kowalczyk, S. P.; Jordan-Sweet, J. L. Chem. Mater. 1989, I ,  592. 
This paper describes the interaction of thin films of silicon, copper, and 
chromium with polyamic acid. 

Figure 5. Section of an electrolessly plated copper pattern onto 
a Kapton film. The pattern was formed using a resolution target 
test mask and 5 min of copper plating. Optimum resolution, as 
evidenced by the copper-plated pattern, was a function of the total 
exposure dose. The minimum features resolved were 2 pm with 
the largest features of the inner pattern being 5 pm in width. A 
"clear" defect in the lithographic mask resulted in the errant 
copper-plated line visible in the pattern. 

Conclusions 
The selective formation of copper plated films onto 

Kapton substrates has been described. Base hydrolysis 
of the polymer backbone results in the formation of the 
disodium salt of polyamic acid. Cationic exchange occurs 
in the modified layer of the Kapton film upon treatment 
with an aqueous solution containing K3Fe(C204)3 and 
Pd(NH3)4C12. Although the iron concentration is >10 mol 
equiv to the palladium concentration in solution, the ob- 
served surface ratio is 1:l. This result is best explained 
by the differing ionic potentials of the individual cations 
or their affinity for cation exchange with the hydrolyzed 
Kapton surface. The UV-induced reduction of iron(3+) 
to iron(2+) is observed to be extremely rapid, while the 
slower conversion of palladium(2+) to palladium metal is 
observed. The selective formation of palladium metal 
catalyst initiates electroless copper plating only in the 
UV-exposed areas of the treated surface. The formation 
of the active catalyst for electroless plating is believed to 
occur via electron transfer from the primary Fe2+ product 
upon secondary photolysis. The source for electrons is 
thought to be the oxalate ligand. The electrolessly plated 
copper films exhibit outstanding adhesive strength to the 
modified Kapton surfaces; the ability of the polyamic acid 
to undergo ion exchange at  the carboxylate groups is be- 
lieved to be primarily responsible for the high copper- 
Kapton adhesion values. The photoselective formation of 
copper-plated patterns onto polyimide substrates is readily 
achieved by this simplified method using limited doses of 
UV radiation from conventional sources. The ability to 
selectively deposit adherent copper films onto polyimide 
displays great potential for the selective metallization of 
microelectronic components. 


