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SYNOPSIS 

To enhance polyimide-to-polyimide adhesion, we have investigated the effect of surface 
modification in water vapor plasma. The use of a water vapor plasma to treat a fully cured 
polyimide ( PMDA-ODA) surface before subsequent layers of polyimide are applied results 
in dramatically enhanced interfacial adhesion. The polyimide-to-polyimide interfacial 
adhesion strength attained following water vapor plasma treatment exceeds the cohesive 
strength of the applied polyimide layer. The effect of surface modification in water vapor 
plasma on metal-to-polyimide adhesion has also been investigated. The use of a water 
vapor plasma to treat a fully cured polyimide (PMDA-ODA) surface prior to metallization 
results in increased metal-to-polymer interfacial adhesion. A study of both electroless and 
vacuum-deposited metal was conducted. The use of contact-angle measurements, peel tests, 
Fourier transform infrared spectroscopy, optical emission spectroscopy, nuclear forward 
scattering, and X-ray photoelectron spectroscopy has led us to a preliminary understanding 
of the resulting surface modification and the subsequent effect of adhesion promotion. 
0 1992 John Wiley & Sons, Inc. 

INTRODUCTION 

The use of polymers in the electronics industry has 
become pervasive. Many polymeric materials exhibit 
desirable bulk properties but have less than desirable 
surface characteristics. To tailor surface behavior 
to specific needs without altering bulk material 
properties, one may employ a variety of surface- 
modification techniques. 

There are many ways in which polymer surfaces 
can be altered, but the techniques fall into two basic 
categories: physical and chemical modification. The 
use of physical modification ( i.e., abrading, textur- 
ing, roughening, etc.) finds many applications as a 
means of adhesion enhancement in joining tech- 
nologies, but for many polymer systems, the me- 
chanical constraints of physical modification render 
its use inapplicable. Chemical modifications fall into 
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one of two categories: wet chemical and plasma sur- 
face modification. 

Wet chemical modifications of polymer surfaces 
are employed to introduce new functional groups at  
the surface and in the near-surface region of the 
polymer. An example of this is the surface oxidation 
of polyethylene in chromic acid. The surface oxi- 
dation of low-density polyethylene has been ana- 
lyzed by attenuated total reflectance-infrared 
spectroscopy' and X-ray photoelectron spec- 
troscopy' and reveals the surface generation of car- 
boxylic acids, ketones, and aldehydes. The chemical 
derivatization of these surfaces has been employed 
to create surface chemical species whose location 
and mobility may be studied using infrared spectro- 
scopic reflectance techniques and electron spin res- 
onance spectro~copy.~ 

In situations where one wishes to avoid wet 
chemical modifications or when it is desirable to 
confine a modification to the outermost hundreds 
of angstroms of a surface, plasma techniques may 
be employed. A great deal of research has been done 
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on the plasma modification of polymers and the 
subsequent surface analysis. The largest body of 
work deals with the plasma surface modification of 
polyethylene. Plasmas studied include argon and 
nitrogen  plasma^^-^ and air di~charge,~- '~  which is 
also referred to as corona discharge. Included among 
the other systems studied are polypropylene and 
polystyrene surface modification in oxygen plasma, l3 

poly (tetrafluoroethylene ) treated in air discharge, l4 

and poly (ethylene terephthalate) treated in air dis- 
charge.15 To determine the resulting surface chem- 
istry, X-ray photoelectron spectroscopy has been 
used immediately following plasma surface 
modification 7,8,11,13,14,16-19 as well as in conjunction 
with surface derivatization reactions following 
plasma treatment.4-6'9J0~20 Clark and Harrison2' even 
assembled a chart of core-level binding energies for 
common functionalities of interest in the study of 
polymers. The same as for a number of the studies 
on plasma surface modification, the aim of the work 
is to elucidate the effect of various plasma treat- 
ments on the adhesive properties of the polymer 

The literature contains a number of works that 
have studied water vapor p l a ~ m a . ~ ~ - ~ '  Salvati et al.32 
proposed a mechanism that involves reactive de- 
carboxylation/reduction followed by water chemi- 
sorption/functionalization for poly ( methyl meth- 
acrylate ) treated in a combination water vapor-ar- 
gon plasma. After studying the plasma-modified 
surface with X-ray photoelectron spectroscopy, 
Fourier transform infrared spectroscopy, and low- 
energy ion-scattering spectroscopy, they concluded 
that the depth of modification was 50-100 A and 
the primary resultant chemical species on the sur- 
face was -OH. 

Ferreiro et al.33 used a quadrupole mass spec- 
trometer to sample the ions and neutrals from a ra- 
dio-frequency-generated water vapor plasma. The 
major ions identified in a water vapor plasma are 
H20+ - , H 3 0 + ,  0; * , H ( H 2 0 )  i, and H ( H 2 0 )  3' at 43 
milliTorr (mT)  and 4 W. As the pressure is in- 
creased, the 0; - concentration increases due to 
collisionally induced decomposition of weakly bound 
clusters in the plasma sheath. This results in a 
higher concentration of atomic oxygen that makes 
a water plasma 40 times more efficient than an ox- 
ygen plasma for etching organic solids. 

A number of different polymers have been sub- 
jected to water vapor plasma treatment and then 
studied. The effect of water vapor plasma on the 
adhesion of deposited cobalt on poly (ethylene tere- 
phthalate ) has been examined.34 The water vapor 
plasma treatment was shown to introduce hydroxyl 
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and carboxyl surface functionalities that resulted in 
improved wettability and increased adhesion. A 
study of the water vapor plasma treatment of 
polyethylene 35 using X-ray photoelectron spectros- 
copy shows the incorporation of hydroxyl moieties 
primarily as alcohols, with some hydroperoxides. X- 
ray photoelectron spectroscopy also determines the 
modification depth to be in the top tens of angstroms 
of the polymer surface. 

Evans et al.36 used angle-resolved electron spec- 
troscopy for chemical analysis (ESCA, synony- 
mously X-ray photoelectron spectroscopy) to study 
water vapor plasma modified polystyrene. Use of a 
reactor attached directly to an ESCA instrument 
allowed them to examine the plasma-treated surface 
without any contaminating exposure usually asso- 
ciated with transferring the sample from reactor to 
spectrometer. Surface oxidation products were 
identified as alcohols, ketones, ethers, peroxides, 
acids, esters, and carbonate functional groups. Vari- 
able angle ESCA estimated the thickness of the 
modified layer as 10-15 A. 

The goal of the current work is to use a water 
vapor plasma to create a polyimide surface that ex- 
hibits better adhesion to successive polyimide layers 
and to deposited metal. It will be shown that through 
the use of chemical derivatization following water 
vapor plasma treatment a variety of new surface 
chemistries may be created and explored. 

EXPERIMENTAL 

Instrumentation 

The plasma system (shown in Fig. 1 ) consisted of 
a stainless-steel vacuum chamber with parallel plate 
electrodes. Prior to processing, the chamber was 
evacuated to a base pressure in the lop7 Torr range 
using a 500 L/s  turbomolecular pump. The plasma 
was generated between a grounded electrode (A) and 
an RF-powered electrode (B)  attached to an 800 W, 
13.56 MHz generator (F) ,  through an automatic 
impedence matching network ( E )  . The electrodes 
are 10 in. in diameter and separated by a 5 in. gap. 
During typical operation, 50 W of rf power was ap- 
plied to the system. Samples were placed on the 
grounded electrode ( A )  and both electrodes had 
graphite cover plates. During processing, the system 
was pumped using a 30 cmh mechanical pump, and 
the pressure was monitored with a capacitance ma- 
nometer ( C )  . Water vapor was introduced into the 
chamber at point ( D  ) using a heated liquid source 
(50-100°C) and a condensable vapor mass flow 
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T 
Figure 1 Plasma processing system: ( A )  grounded 
electrode; ( B )  rf-powered electrode; ( C )  capacitance ma- 
nometer; ( D )  vapor inlet; ( E )  rf impedence matching 
network; ( F )  rf generator; ( G )  pumping port. 

controller. All vapor transfer lines approaching the 
chamber were maintained at  1OO"C, and a refrig- 
erated recirculator was used to maintain both elec- 
trodes at  25°C. 

Metal vacuum deposition via electron-beam 
evaporation was done in a system specifically de- 
signed for that purpose. Evaporation rate was mon- 
itored with a quartz crystal and an Inficon Leybold- 
Heraeus (Syracuse, NY) crystal monitor. Metal 
sputter deposition was done using a Material Re- 
search Corp. ( Orangeburg, NY) Model 903 planar 
magnetron metal deposition system. 

Fourier transform infrared spectroscopy was per- 
formed on either an IBM IR-98 or an IBM IR-44 
Fourier transform infrared spectrophotometer. 
Spectra were collected at  2 cm-' resolution and were 
nominally an average of 500 scans. 

Sample curing was done in one of the following: 
a Mellen (Penacock, NH) tube furnace with a flow- 
ing nitrogen environment or a Leybold Heraeus 
( Syracuse, NY) vacuum oven under a partial pres- 
sure of forming gas ( 200 mbar ) . 

Temperature and humidity testing was carried 
out in an ESPEC (South Plainfeld, N J )  LH-112 
humidity cabinet. A temperature of 85°C and a rel- 
ative humidity of 81% were used as standard con- 
ditions. 

Contact-angle measurements were made using 
the sessile drop measurement technique and a 
Rame-Hart (Mountain Lakes, NJ)  NRL contact- 

angle goniometer Model 100 equipped with a tilting 
base, environmental chamber, and microsyringe at- 
tachment. 

Film thicknesses were determined by ellipsometry 
with a Gaertner (Chicago, IL) variable-angle com- 
puter-controlled laser ellipsometer. For films thicker 
than 2 microns, a Sloan Technologies (Santa Bar- 
bara, CA) Dektak Model IIA surface profilometer 
was used. 

Spin coating of sample films was done using a 
Headway Research (Garland, T X )  Model AC201 
photoresist spinner. Spin speed, spin time, and spin 
acceleration could all be controlled independently. 

Peel testing utilizing a 90" peel angle was per- 
formed on one of the following: an MTS Systems 
Corp. (Guilford, CT) Model 812 Materials Testing 
System, an IMASS (Hingham, MA) Model SP-1O1B 
slip/peel tester, or a custom-built peel testing in- 
strument. 

X-ray photoelectron spectroscopy ( XPS ) exper- 
iments were carried out using a Surface Science In- 
strument small spot XPS tool, SSX-100-05, 
equipped with an AlKa X-ray source. Details of the 
analysis approach are given elsewhere.37 

Atomic force microscopy ( AFM) and nuclear 
forward scattering (NFS ) experiments were per- 
formed at the IBM Thomas J. Watson Research 
Center using equipment specifically designed and 
built for that purpose. Details of both the AFM 
analysis3' and the NFS technique3' are given else- 
where. 

Chemicals 

Narrow dispersity polystyrene was purchased from 
Polymer Labs. Anhydrous sodium sulfate, HPLC- 
grade toluene, cupric sulfate, methyl isobutyl ketone, 
and sodium hydroxide were purchased from J. T. 
Baker Chemical Co. Formic acid, sodium salt 
(99+% ) , ethylenediaminetetraacetic acid (99.5% ) , 
HPLC-grade water, sodium potassium tartrate, 
malonyl dichloride (97% ) , chlorotrimethylsilane 
(98% ) , para-cyanobenzoyl chloride (98% ) , para- 
(trifluoromethyl) benzoyl chloride (97% ) , n,n-di- 
methyl benzylamine (99+% ) , nadic methyl anhy- 
dride (96%), and formaldehyde (37%) were pur- 
chased from Aldrich. Semiconductor-grade sulfuric 
acid and semiconductor-grade hydrochloric acid 
were purchased from Ashland Chemical Co. GAFAC 
surfactant was purchased from the GAF Corp. Plat- 
ing additives HT1, HT2, and HT3 were purchased 
from Enthone (West Haven, CT) . Polyimide (PI) 
films were prepared from DuPont PyralinTM 2545 
(an amic acid polymer prepared from 1,2,4,5-ben- 
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zenetetracarboxylic acid dianhydride ( PMDA) and 
4,4'-oxydianiline (ODA) ) . 

The room temperature electroless copper bath 
was mixed as follows: 15.6 g CuS04 - 5 H 2 0 ,  62.0 g 
NaK tartrate, 22.0 g NaOH, and two drops GAFAC, 
diluted to 1 L with DI water and activated with 7.5 
mL/L of formaldehyde. The 72°C electroless copper 
bath was prepared as follows: 40 g ethylenediamine- 
tetraacetic acid, 20 g sodium sulfate, 20 g formic 
acid, 10 g CuSO, - 5H20,  and sodium salt, diluted to 
a volume of 1 L. The bath was activated with 2 mL/ 
L formaldehyde prior to use. 

The acid copper plating solution was prepared as 
follows: 270 g C U S O ~ . ~ ~ ~ O ,  351 mL H2s04, 4.68 
mL HC1,15 mL HT1,3 mL HT2, and 0.7 mL HT3 
(Enthone EnplateTM Additives), diluted to 3 L with 
deionized water. 

RESULTS AND DISCUSSION 

Plasma Characteristics 

The use of optical emission spectroscopy (OES ) as 
a diagnostic technique for water vapor plasma pro- 
cessing was explored. Light collection was achieved 
with a fiber optical bundle. A grating monochro- 
mator and photomultiplier detector allowed collec- 
tion of spectra from 280 to 850 nm. The use of a 
cutoff filter for wave lengths greater than 450 nm 
prevented second-order diffraction problems. 

Water vapor plasmas were observed in the steady 
state a t  10, 50, 100, and 200 W rf and at pressures 
of 100,200,350, and 500 mT. Integration of spectral 
intensities over the following regions were per- 
formed OH band from 306.97 to 331.55 nm (this is 
the strongest set of bands), H atom line from 486.48 
to 487.08 nm (the weaker of the two hydrogen lines 
that are consistently observed), CO bands from 
513.45 to 520.95 nm (one of a set of three bands 
that are observed), H atom line from 656.70 to 
657.30 nm (the strong hydrogen line), 0 atom line 
from 777.48 to 778.08 nm (the stronger of the two 
oxygen emission lines), and 0 atom line from 844.91 
to 845.51 nm (the weaker oxygen line). 

For all plasmas studied, the main emission fea- 
tures were the OH bands in the 306-331 nm range 
and the H atom lines a t  486.1 and 656.3 nm. The 
integrated intensity of these emissions increased 
with increasing rf power at  a given pressure, as did 
the low-intensity oxygen atom emission at 777.2 nm. 
CO emission was negligible except for runs per- 
formed in the extreme of highest power at lowest 
pressure. In the typical plasma operating regime, 
CO was not observed at  a significant level. 

From the emission studies of water vapor plasma, 
it is concluded that the main excited state species 
in the plasma are hydroxyl radicals and hydrogen 
atoms. A small amount of atomic oxygen is also ob- 
served. For the standard water vapor plasma oper- 
ating parameters of 50 W rf at 185 mT, the excited 
state species present are hydroxyl radicals, hydrogen 
atoms, and a small amount of atomic oxygen. It is 
no surprise, then, that the major derivative observed 
following plasma modification is hydroxyl. 

Surface Characterization 

In initial attempts to elucidate the surface changes 
upon water vapor plasma treatment polystyrene - was 
used as a model compound. Polystyrene (MW 
= 4,400,000; PDI = 1.06) was treated with water 
vapor plasma and examined. Typical plasma oper- 
ating parameters were as follows: base pressure 
= 0.1-1 pT, electrode temperature = 25"C, vapor 
pressure = 100-300 mT, rf power = 50 W. Water 
contact-angle measurements using the sessile drop 
technique (0.05 mL advancing, 0.025 mL receding) 
revealed a significant change upon plasma treat- 
ment. The virgin polystyrene contact angles were 
measured to be 90 f 2" advancing and 82 k 2" re- 
ceding. Water vapor plasma-treated polystyrene 
contact angles were measured to be 3 f 2" advancing 
and less than 1" receding immediately following 
plasma treatment. 

ATR-FTIR spectroscopic studies of polystyrene 
have been carried out. A sample of polystyrene film 
on a Ge ATR crystal was prepared by spin-coating 
a solution of narrow dispersity polystyrene (MW 
8,000,000) in toluene, which was then baked at 90°C 
for 2 h. After being treated with water vapor plasma 
for 11 min, the sample gave an IR spectrum that 
has a new peak centered around 3665 cm-' ( Fig. 2 ) . 

Initial contact-angle experiments were repeated 
using PI. The water-contact angles, measured as de- 
scribed previously, for virgin 400°C cured PMDA- 
ODA were 65 f 3" advancing and 45 f 3" receding. 
Immediately following plasma treatment, these be- 
came 12 & 2" advancing and 3 f 2" receding. 

FTIR spectroscopic studies of PI have been car- 
ried out on PI films spun and cured on germanium 
wafers or chromium-coated Si wafers, before and 
after water vapor plasma treatment, using both 
transmission and reflection-absorption FTIR spec- 
troscopy. Following water vapor plasma treatment, 
a new feature in the IR spectrum is observed (Fig. 
3) that has the same peak position and band contour 
as the OH peak observed previously in the IR spec- 
trum of the water vapor plasma-treated polystyrene. 
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Figure 2 FTIR spectrum: plasma-treated polystyrene. 

This experiment indicates that the plasma treat- 
ment on PI film generates a number of OH moieties 
on the film surface. Reproducible results have been 
obtained on PI films approximately 1000 A thick 
treated with water plasma and etched to a final 
thickness of approximately 80 A. A comparison of 
the IR reflectance spectra (Fig. 4 )  of a 900 A un- 
modified film and a 70 A modified film shows that 
the treatment resulted in a 30% decrease in the in- 
tensity of the 1740 cm-' peak ( C = 0 str.) normal- 

ized against the internal standard at 1503 cm-' ( 1,4- 
phenyl ring str.) or 1244 cm-' (C - 0 - C str.) . This 
comparison, when made in the transmission mode, 
demonstrates no relative intensity decrease. It is 
further observed that the spectrum of a 1000 A-thick 
film compared with that of an untreated 100 A-thick 
film demonstrates no change or decrease in the ratios 
of the normalized intensities of the aforementioned 
peaks. If one considers that it is most likely near 
the substrate surface to have dipole moments of the 
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Figure 3 FTIR spectrum: plasma-treated polyimide. 
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Figure 4 FTIR spectrum: plasma-treated polyimide. 

C=O str. in plane for ordered regions of the PI, 
then if the water vapor plasma etch removes amor- 
phous regions of the polymer at a greater rate rel- 

ative to their ordered counterparts one would expect 
to see a relative decrease in the ratio of the nor- 
malized C=O str. intensity for the reflectance 

Rinding Energy 

Figure 5 XPS C Is spectrum: PMDA-ODA control. 

Binding Energy 

Figure 6 XPS 0 1s spectrum: PMDA-ODA control. 
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FTIR compared to the transmission FTIR. This is 
precisely what was observed. This has led to the 
conclusion that the water vapor plasma treatment 
preferentially attacks the amorphous regions of the 
PI  during the etch process. 

To further elucidate the water vapor plasma-gen- 
erated functionalities on PI  films, a model com- 
pound, Parylene-N [ ( - CH2 - CsH4 - CH2 - ),I, 
was studied with FTIR. Oxygen-containing func- 
tional groups such as C=O, C-0-C, and 
C - 0 - H, if present after the plasma treatment, 
should be readily recognizable in the IR spectrum 
of Parylene-N. Samples of 1000 A-thick films de- 
posited on Cr-sputtered Si wafers were etched in the 
plasma to a final thickness of approximately 80 A. 
External reflection-absorption IR spectra of the 
treated vs. untreated films showed that the treat- 
ment resulted in new carbonyl and hydroxyl groups 
as evidenced by the new peaks at 1743 (broad, C = 0 
str. vibration) and 1228 (broad, C-0 str.) cm-'. 

The next analytical technique employed to char- 
acterize the water vapor plasma-treated PI  surface 
was X-ray photoelectron spectroscopy (XPS) . XPS 
results (Figs. 5-10) indicated a dramatic increase 

Rinding Energy 

Figure 7 XPS N 1s spectrum: PMDA-ODA control. 

Binding Energy 

Figure 8 
treated PMDA-ODA. 

XPS C 1s spectrum: water vapor plasma- 

in the surface oxygen concentration following water 
vapor plasma treatment. An approximately 50% in- 
crease in oxygen concentration was observed. This 
oxygen was introduced primarily in the form of dou- 
ble-bonded and single-bonded species. The appear- 
ance of an acid/ester peak at  289.0 eV indicates 
either the occurrence of ring opening or the for- 
mation of additional carboxylic moieties during 
plasma treatment. Variable-angle XPS has led to 
the conclusion that the depth of modification is sig- 
nificantly less than 100 A. 

To further elucidate the characteristics of the 
modified surface, a nuclear forward scattering 
(NFS) study of water vapor plasma-treated PMDA- 
ODA polyimide was conducted. The NFS technique 
consists of bombarding the target specimen with a 
high-energy (2.3 MeV) 4He+ beam at a glancing an- 
gle and measuring the energy spectra of the displaced 
hydrogen and deuterium atoms.39s40 A mylar film is 
placed in the path to prevent *He+ from reaching 
the detector (mylar has a higher stopping power for 
helium than for hydrogen or deuterium). To mini- 
mize beam effects on the measured hydrogen or deu- 
terium profiles, the NFS data from 10 separate 1 



2196 GOLDBLATT ET AL. 

h 

3 0, 

C e 
I 

Binding Energy 

Figure 9 
treated PMDA-ODA. 

XPS 0 1s spectrum: water vapor plasma- 

X 1 mm spots on each specimen were summed to 
give a measured spectrum for that specimen. In an- 
ticipation of the possible hydrogen-deuterium ex- 
change effect, all D20-treated samples were kept 
under D 2 0  ambient in the treatment chamber prior 
to their transfer for immediate scattering measure- 
ment. 

From the NFS study of water plasma-modified 
PMDA-ODA PI surfaces, convincing evidence (seen 
as increased surface deuterium) was obtained that, 
under our processing conditions, the PI surfaces are 
deuteroxylated. The NFS data also indicated that 
after a long period of storage in a dry box the mod- 
ified surfaces picked up a detectable amount of hy- 
drogen, suggestive of a greater tendency for the 
treated surfaces to pick up ambient moisture than 
that for the fully cured films. Our results cannot 
rule out the possibility that a portion of detected 
hydrogen was from exchange of H20 with any acidic 
deuteron present on the plasma-treated PI. The re- 
sults of our study demonstrated that, when opti- 
mized, the NFS technique can provide important 
complementary information that will help resolve 

the ambiguity in the results of other surface ana- 
lytical techniques. In XPS studies of water plasma- 
modified PI surfaces, for example, increased oxygen 
coverage was observed, but the binding energy shift 
of 0 IS and C IS could be interpreted as the for- 
mation of either ketone or hydroxyl functionalities. 
The NFS technique helps resolve the ambiguity by 
monitoring the surface hydrogen concentration, 
which should increase with hydroxyl formation. As 
we found out in the course of our study, the tech- 
nique has to be optimized with the use of deuterated 
specimens to appreciate the full advantage of the 
NFS technique. 

To study the time-dependent behavior of the wa- 
ter vapor plasma-modified PI surface, sessile drop 
water contact-angle measurements were performed 
on a series of PMDA-ODA PI samples. The average 
observed contact angles for 400°C cured control 
samples are 67 k 3" advancing ( Oadv) and 48 & 2" 
receding ( ereC). Immediately following water vapor 
plasma treatment, Oadv is 7 -t 2" and Ore, is 3 k 2'. 
When samples are allowed to stand in air for 1 week 
following water vapor plasma treatment, an increase 
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Figure 10 
treated PMDA-ODA. 

XPS N 1s spectrum: water vapor plasma- 
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in Oadv and ere, to 43 f 4" and 28 f 6", respectively, 
is observed. If samples are stored in vacuum follow- 
ing plasma treatment (without venting the chamber 
following treatment) or if samples are placed in wa- 
ter immediately, the contact angles are maintained 
at the low levels reported above. In all cases, the 
contact angles can be induced to change within the 
limits of the above values, depending upon the en- 
vironment in which the surface is stored (Fig. 11). 
After repeated cycling between air and water con- 
ditions, the oscillations in the contact angles are 
damped, that is, some contact-angle hysteresis ex- 
ists. Atomic force microscopy ( AFM ) measurements 
of the surface reveal an increase in surface topog- 
raphy (in the tens of angstroms range normal to the 
plane of the surface) following treatment in water 
vapor plasma (Fig. 12). After aging in air, this to- 
pography is observed to decrease and appears to be 
due to time-dependent surface reconstruction. 

Based upon the above data, the following picture 
of the water vapor plasma-treated surface has 
emerged. During the plasma modification process, 
the PI  surface experiences both chemical and phys- 
ical changes. The observed plasma etch rate tells us 
that primary bonds in the polymer backbone are 
being broken. For the extreme case of etching, 
enough bonds are ruptured such that small backbone 
fragments are volatilized. During this process, it is 
reasonable to assume a steady-state surface config- 
uration that makes the transition from the under- 
lying unmodified PI to the outermost modified layers 

that are the farthest along the progression toward 
removal. It is also logical to assume that during the 
etch process material is removed from the surface 
in a nonuniform fashion. Ordered regions will be 
removed more slowly than completely amorphous 
regions, and etching will occur the fastest along de- 
fect paths. This is in agreement with the AFM ob- 
served increase in topographical features following 
water vapor plasma treatment. 

In consideration of the observed contact-angle 
hysteresis, the following is offered. During the 
plasma process, one effect of primary bond rupture 
is the generation of new chain ends. Chemical mod- 
ification, i.e., hydroxylation of these free ends, re- 
sults in an entirely new set of surface characteristics. 
The dramatic drop in contact angle following water 
vapor plasma treatment tells us that the excess sur- 
face free energy of the sample is increased upon 
treatment. It is then not surprising that in air the 
sample exhibits an increasing contact angle with 
time or, alternately, a decreasing excess surface free 
energy. The new surface created in the plasma con- 
tains "surface chains" that are not only more mobile 
than the bulk chains, but are also chemically dif- 
ferent than their bulk counterparts. This is repre- 
sented pictorially in Figure 13. The diffision of these 
species back into the bulk serves to both minimize 
the excess surface free energy of the system, as well 
as to minimize the bulk free energy of the system 
as a result of the increased system entropy associated 
with surface desegregation. This may be reversed by 

Initial WVP Air11 week Water 

Treatment 
Figure 11 
water vapor plasma treatment. 

Time- and ambient-dependent contact-angle behavior of polyimide following 
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Figure 12 
treatment. 

Atomic force micrograph: ( a )  control PI; (b-d) PI after water vapor plasma 

submerging the sample in water, thereby causing 
the hydrophilic plasma-created species to migrate 
to the surface. The contact-angle hysteresis observed 
upon repeated cycling may be explained simply as 
increasing entanglement and therefore decreasing 
mobility of the “surface chains” as a result of their 
diffusion to and from the surface, induced by dif- 
ferent external environments. 

Similar variations in contact angle have been 
noted for homopolymers cast from different solvents 
and against different casting  surface^.^^^^^ Addition- 
ally, the other effects of plasma-induced changes in 
the surface tension of PI should not be discounted. 
A change in surface tension or its measured variant, 
the contact angle, may be attributible to changes in 

polymer molecular weight, 43-45 creation or exposition 
of chemically heterogeneous surfaces,46 and/or sur- 
face r ~ u g h e n i n g . ~ ~  These factors and how they in- 
fluence contact-angle studies on plasma-modified 
polymer surfaces are the subject of further investi- 
gation. 

Polymer Self-Adhesion 

Having gained this understanding of the effect of 
water vapor plasma, polymer-polymer adhesion 
testing was conducted. Test samples were prepared 
as follows: First, 500 A Cr was e-beam evaporated 
onto Si wafers to provide an adhesive base. Wafers 
were then spin-coated with PMDA-ODA PI to a 
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A B C 
Figure 13 
treatment; ( c )  after elapsed time following plasma treatment. 

Polymer surface region: ( a )  control PI; (b )  immediately following plasma 

post-400°C cure thickness of 5.5 f 0.7 pm. An evap- 
oration of 2.5 pm-thick copper on one edge of each 
wafer was then performed. This simplified the ini- 
tiation of peel strips a t  the polymer-polymer inter- 
face later on. Samples were then separated into two 
sets: one control set and one set for water vapor 
plasma treatment. Following plasma treatment, both 
sample sets were spin-coated with PMDA-ODA PI, 
in multiple-coating steps, to a post 400°C cure 
thickness of 16.2 f 2.1 pm. Five millimeter-wide peel 
test lines were initiated at  the previously described 
copper release layer; 90" peel tests were performed 
using stroke-controlled peels a t  a rate of 4.55 mm/ 
min. Peel test results for untreated PI control sam- 
ples yielded a PI-to-PI peel strength of 5 f 1 g/mm, 
whereas the water vapor plasma-treated samples 
yielded a PI-to-PI peel strength 2 90 f 8 g/mm. 
This value actually represented the ultimate tensile 
strength of the peeling layer, which was exceeded 
prior to the observation of any interfacial adhesion 
failure. 

To further define the useful range of applicability 
for water vapor plasma as a method of increasing 
PI-PI adhesion, an extended experimental matrix 
was run using the following experimental parame- 
ters: rf power: 50-200 W; run pressure: 50-300 mT; 
run duration: 5-35 min; elapsed time before post- 
plasma PI coating: 1-48 h. Peel testing at 90" re- 
vealed that for all plasma conditions employed the 
PI-to-PI interfacial adhesion strength exceeded the 
tensile strength of the 18 pm-thick PI layer. Nu- 
merically, this strength was greater than 125 f 28 
g/mm. After 1000 h of temperature and humidity 

(T&H) testing (85"C/81% RH), this value dropped 
to 89.5 f 11 g/mm, and the PI-to-PI interfacial 
adhesion strength remained greater than the tensile 
strength of the PI peeling layer. 

Metal-Polymer Adhesion 

For electronic applications, the ability to apply metal 
circuit patterns to a polymeric dielectric (specifically 
polyimide) , and to do so in a manner that guarantees 
adequate adhesion, is essential. Further, in multi- 
layer thin-film structures, the adhesion of metal 
conductors to polymer layers has to be durable 
enough to withstand all the processing required to 
build the layers. In addition, the metal/polymer in- 
terface has to be stable against thermal excursions 
that are needed to complete fabrication. Finally, 
since many of these structures are expected to func- 
tion in nonhermetic environments, the adhesion has 
to be sustained through T&H cycles that simulate 
both the shipping and operating ambient exposures 
as well. Many simple schemes are available today 
to achieve acceptable metal/polymer adhesion at 
time zero. However, upon exposure to the thermal 
and T&H cycles described above, the interfacial 
adhesion tends to degrade noticeably. It is, therefore, 
very important to develop metallization procedures 
that yield strong and durable interfaces under these 
conditions. 

As a measure of the relative magnitude of metal- 
to-polymer adhesion, 90" peel tests in which the 
metal is peeled of the polymer surface are performed. 
The results of our studies indicate that samples with 



2200 GOLDBLATT ET AL. 

no water vapor plasma surface treatment had an 
evaporated Cr-to-fully cured PMDA-ODA PI adhe- 
sion of 2 g/mm, which is too low to be of any prac- 
tical value. Water plasma-treated samples started 
with a peel strength of 50 r+ 4 g/mm at time zero. 
After PI cure to 4OO0C, the adhesion values of 
treated samples were 52 k 3 g/mm, in contrast to 
zero values in untreated samples. Peel strengths of 
treated samples were 44 +- 5 g/mm after exposure 
to 390°C. The adhesion was 48 f 7 g/mm after five 
fast ramp thermal cycles to 350°C at  4O0C/min. 

On accelerated T&H testing for 675 h, after all 
the above temperature cycles, the average adhesion 
value for the water vapor plasma-treated samples 
was 30 f 2 g/mm. After 1010 hours in the T&H 
chamber, these samples exhibited 24 +- 4 g/mm 
adhesion. 

These results are superior to most data currently 
available for Cr/PI adhesion, which require the ex- 
posure of the polyimide to a high dose of inert gas 
ions (Ar, e.g., Ref. 48), particularly with regard to 
the durability of the adhesion. The proposed ap- 
proach can be readily implemented in the currently 
used thin-film tooling. In fact, the use of a water 
plasma treatment is additionally attractive since 
such an exposure has been observed to promote PI/  
PI adhesion. Thus, such a treatment can be used to 
simultaneously accomplish metal/PI as well as PI/ 
PI  adhesion required in multilayer metal/polymer 
structures for microelectronic applications. 

Electroless Copper 

With the addition of oxygenated functional groups, 
especially those of the carboxylic acid type, the 
plasma-modified PI might be expected to behave as 
an ion-exchange resin.49 Indeed, this has been ob- 
served experimentally. Water plasma-modified films 
have been shown to bind palladium ions (from an 
aqueous solution of the salt) in a process known as 
“seeding.” This “seeded” surface could then be met- 
allized in an elevated temperature electroless copper 
plating bath. A set of 400°C-cured PMDA-ODA PI 
samples was treated with a standard water vapor 
plasma. After seeding in aqueous palladium nitrate 
and electroless plating a strike layer, 15 pm-thick/ 
2 mm-wide lines were electroplated in a standard 
acidic cupric sulfate bath. Ninety degree peel testing 
at  a rate of 0.06 in./min revealed a Cu-to-PI peel 
strength of 47 r+ 2 g/mm. This experiment was 
then repeated at a peel rate of 0.16 in./min, and 90” 
peel strengths were measured. For 25 pm final 
copper thickness, the resulting peel strength was 
58 & 8 g/mm. 

Surface Fundionalization 

One way to overcome undesirable surface charac- 
teristics while preserving desirable bulk properties 
is to modify the surface, either chemically or phys- 
ically, while leaving the bulk characteristics of the 
material intact. The continued investigation of the 
surface reactivity of water vapor plasma-treated PI 
has led to the execution of organic surface reactions 
that effectively tailor surface physical and chemical 
properties while maintaining desirable bulk char- 
acteristics. 

The surface population of hydroxyl and carboxyl 
functionalities created on the polymer surface during 
water vapor plasma treatment have been targeted 
for grafting sites. The first reaction investigated uti- 
lized an acid chloride (malonyl dichloride) as the 
grafting reactant. Successful grafting was indicated 
by the observed change in sessile drop water-contact 
angle. Following water vapor plasma treatment, the 
water-contact angles were 19.5” r+ 0.6” (advancing) 
and 3.5” ? 0.6” (receding). After allowing the mal- 
onyl dichloride to react with the surface, these angles 
were measured to be 62” k 2” and 41’ ? 2”, respec- 
tively. 

To further demonstrate surface reactivity, the 
reagent chlorotrimethylsilane was used. The post- 
graft water-contact angles of 66” & 4” (advancing) 
and 39” f 3” (receding) indicate successful grafting. 
This was confirmed with XPS and the appearance, 
after grafting, of a silicon peak at  101.1 eV. Suc- 
cessful grafting, as determined by contact angle and 
XPS, has been achieved with the reagents para- 
cyanobenzoyl chloride and para- (trifluorometh- 
yl) benzoyl chloride. 

Perhaps the most interesting and useful surface 
graft examined was that of an epoxy resin with the 
reactive water vapor plasma-treated surface. For this 
purpose, a diglycidyl ether (DOW D.E.R. 667; bis- 
phenol A-type resin; epoxide equivalent weight 
1600-2000) was dissolved in methyl isobutyl ketone 
and allowed to react with the water vapor plasma- 
treated surface using n,n-dimethylbenzylamine as 
a catalyst. Successful grafting was observed by visual 
inspection and confirmed by both contact-angle 
measurements and by the observation of palladium 
“seeding” and copper plating using a conventional 
electroless copper plating bath. The ability of epoxy 
polymers to become activated toward electroless 
copper deposition is well d o c ~ m e n t e d . ~ ~ , ~ ~  

Utilizing the epoxy resin-grafted surface, we were 
able to further react the surface species by cross- 
linking with nadic methyl anhydride, again using 
n,n-dimethylbenzylamine as catalyst. This surface 
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could also be metallized with an electroless copper 
plating bath after palladium "seeding." 

The ramifications of a PI with an epoxy surface 
are quite far reaching. The excellent bulk properties 
of PI coupled with the surface characteristics of an 
epoxy provide a technological advantage that would 
allow for the fabrication of a high-performance PI- 
based second-level package with a manufacturing 
scheme that could be implemented in a transparent 
fashion to any existing epoxy-based process scheme. 

It is further anticipated that the diglycidyl ether 
graft can be used as an intermediate process, upon 
which subsequent grafting reactions may be exe- 
cuted. This allows us to create virtually any surface 
layer, with its associated characteristics, while leav- 
ing the bulk properties of the material upon which 
grafting has been accomplished intact. 

CONCLUSIONS 

Water vapor plasma surface modification of PMDA- 
ODA PI caused a significant increase in oxygen con- 
centration as compared to the virgin surface. This 
added oxygen was primarily in the form of ketone, 
carboxylic acid, and hydroxyl groups. The effect of 
this surface modification on the strength of polymer- 
polymer adhesion was enormous. Polymer-to-poly- 
mer peel strengths measured following water vapor 
plasma consistently exceeded the tensile strength of 
the peeling layer before any interfacial failure was 
observed. Additionally, these polymer-to-polymer 
interfaces remained stable after more than 1000 
hours of temperature and humidity (85"C/81% RH) 
testing. 

The effect of water vapor plasma on metal-to- 
polymer interfacial adhesion and adhesion durability 
was dramatic. The metal-to-polymer interfaces 
continued to exhibit enhanced adhesion durability 
under conditions of accelerated temperature and 
humidity testing. 

Data obtained from the OES work establish the 
presence of hydroxy radicals in the water vapor 
plasma. Upon consideration of the enhanced surface 
oxidation observed via XPS coupled with the NFS 
result of increased surface protonation /deuteration, 
one may conclude that the predominant effect of 
water vapor plasma treatment is the surface hy- 
droxylation of the polyimide. This hydroxylation is 
most likely in the form of phenols and/or catechols. 

Water vapor plasma surface modification pro- 
vides a means of building thin film multilayer struc- 
tures with excellent interfacial adhesion. Continued 
exploration of the new surface chemistry created by 

water vapor plasma treatment, and its associated 
properties, is planned. 
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