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Chemical and Mechanical Adhesion Mechanisms
of Sputter-Deposited Metal on Epoxy Dielectric for
High Density Interconnect Printed Circuit Boards

Lara J. Martin Member, IEEEand C. P. WongFellow, IEEE

Abstract—Strong chemical reactions between metal and density demands. Methods to produce high density printed cir-
polymer substrates significantly enhance adhesion of the metal cuit boards include laser ablating or photoimaging a dielectric
to the polymer. This study investigated the adhesion of three \,a4arig) to form interconnect vias that are subsequently metal-

types of thin film metals, including Cu, NiCr, and Cr, to a fully lized b i-additi lectrol for | ol
epoxy-based polymer. Before depositing these thin film metals, the 1zed by semi-additive electroless copper for layer to layer con-

epoxy surface was treated with either an Ar oro2 p|asma etch. neCtionS. Typ|Ca| dielectric materials Used in th|5 method are
It was found that NiCr and Cr produced higher peel strengths epoxy-based. This method is capable of realizing leading edge
than Cu, but NiCr and Cr did not produce different peel strengths  printed circuit board design rules of 1Q0n vias and 50:m

than each other. It was also found thatO, plasma etch produced lines and spaces, producing high routing densities that require

significantly higher peel strengths than Ar plasma etch for Cu and .
Cr, but not for NiCr. An XPS (X-ray photoelectron spectroscopy) reduced layer count when compared to conventional board tech-

study was performed to investigate the reactivities and possible n0|09_Y- . _ _ .
chemical adhesion mechanisms of the metal thin films with the ~ Using a material such as a build up epoxy-based dielectric

epoxy. It was determined that Cr reacted more strongly than Niin s key to enabling production of highly dense circuit boards,
forming metal FX_'d? atthe me_tja"ep?lxﬁ'merface%ﬁ” Waz not seen particularly due to space savings realized with the interconnect
to react strongly I forming oxide with the epoxy. Thermodynamic ;¢ 16 produce even more highly dense circuit boards, one

information supported the relative amounts of oxides found by o . . o .
XPS. Thermodynamic information also suggested tha®» plasma option is to further tighten current printed circuit board design

etch did not produce significantly higher adhesion than Ar plasma  fules for line and space widths. If the current line and space
etch on the NiCr samples due to the large Ni component of the design rules are to become more rigorous, an alternative to
NiCr thin film. An AFM (atomic force microscopy) study was per-  semi-additive electroless copper must be used to achieve
rorn?_ed to |nvefst|ﬁati'|c:),c\>/|35|bleImechanlcr?l adt:lesmn_ meg;‘a”_'sms-higher resolution. The alternate metallization method that is
mplcatlons of the results were that the main adhesion : . . : _ .
mechanism for all samples was chemical and that the Cu oxide considered in this study '? use of sputter-deposited metal .as
that was available on the Cu samples was beyond the detectiont® metal seed layer. This method presents process design
limits of the XPS equipment. challenges beca_use sputter.-deposned metal will have to dep_end
Index Terms—Atomic force microscopy (AFM), build up, chem- More on chemlca}l adhesion mechanisms than mechanical
ical adhesion mechanism, design of experiments (DOE), dielectric, adhesllon mechqnlsms when Comlpared t0_ electroless copper.
epoxy, high density interconnect (HDI), interconnect substrate, Chemical adhesion, based on microscopic-type mechanism,
mechanical adhesion mechanism, metallize, printed circuit board can yield a finer, more uniform adhesion critical for fine lines
(PCB), scanning electron microscopy (SEM), sputter, standard gnd spaces than the more macroscopic-type mechanism of
Gibbs frge energy of Lormalt'on’ statistical t°°|5/$gtg°d°|°9y' mechanical adhesion. If a fundamental understanding of the
t, X- t t t . . ;
vacuum deposit, x-ray photoelectron spectroscopy ( ) adhesion mechanisms between the metal and the epoxy-based
dielectric can be achieved, a process to produce reliable, next
I. INTRODUCTION generation high density printed circuit boards can be developed.
ITH trends of increased functionality and reduced siz§PS (X—ray photoelectron spe(;troscopy) IS a powgrful tool fpr
. . : etecting metal—polymer reactions, thereby exposing chemical
of portable wireless products, increased routing densi-

ties for printed circuit boards are resulting. In the case ofdigit%PheSion mechanisms. In a study performed by Datial,
wireless products, high /O packages 144) with pitches of PS showed that Cr reacted strongly, Cu reacted mildly, and

05 to 0.75 woical 111, High density int ¢ Ni exhibited little reactivity with a poly(ether imide) substrate
b 'Ig . mm ;lrg ypui)a [j' 'ﬁ Ien5|_yt;n erconnect, %]. AFM (atomic force microscopy) is an effective tool for in-

uild up,” printed circuit board technology Is becoming & preyqqyigating surface topographies, thereby establishing evidence
ferred method for constructing circuit boards with such routinge mechanical adhesion mechanisms. This paper will present

data on adhesion, quantified as peel strength (running peel strip
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TABLE |
- AR AND O, PLASMA ETCH PARAMETERS
Ar plasma O; plasma
35 . etch etch
1/8” Cu peel strips base press (mbar) SE-4 SE-4
2 ultimate press (mbar) 3E-7 3E-7
power (W) 500 500
gas/rate (sccm) Ar/150 Ar/10, O/100
etch time (min) 0.5 0.5
@) Yy
TABLE I
NICR, CR, AND CU SPUTTER PARAMETERS
<+ 1 stri
Cu peel strips tested | Nicr Cr Cu
base press (mbar) 8E-6 8E-6 8E-6
ultimate press (mbar) 3E-7 3E-7 3E-7
< €poxy dielectric power (W) 4,500 4,500 11,250
<4— Cuclad gas/rate (sccm) A1/150 Ar/150 Ar/150

metal thickness () 700 £100 700 £100 2100 +100

(b) “— FR4 substrate

“over FR4” “over Cu”

TABLE 1l
PEEL STRENGTH TEST PARAMETERS

Fig. 1. (a) Top view and (b) cross-sectional view of test coupon design. Half

of the coupon area includes the epoxy dielectric directly “over FR4” and the peel strip metal 0.028 +0.010 mm

other half includes the epoxy dielectric directly “over Cu”. One test coupon was thickness

made for each of the six experimental conditions and six peel strips were tested peel strip width 3.175 mm

for each test coupon. peel length 10 +3 mm
crosshead speed 50.8 mm/min
sampling rate 6 points/sec

Il. EXPERIMENTAL

Design of experiments (DOE) methodology was used tered as an overlayer on top of NiCr or Cr. Inmediately after
quantify peel strength. The measured response for the desigparhp down of the sputter chamber but prior to metal plasma ig-
experiment was peel strength. Factors of the DOE includeition for sputter, RGA (residual gas analyzer) data was taken.
surface treatment and metal type. For this experimental desigs,listed in Table Il, the pressure at this time of processing (base
the two levels of surface treatment were Ar afd plasma pressure) was approximately 8E-6 mbar. By inspection of the
etches. The three levels of metal type were direct Cu, NiCr/ORGA data, the main species detected was water. After surface
and Cr/Cu. All 6 possible combinations of these factors weteeatment and metallization of the test coupons was complete,
measured. For each of the 6 combinations of factors, 6 da@ Cu peel strips were built up using semi-additive processing
points were obtained, totaling 36 data points taken for the entieehniques: application and patterning of plating resist, Cu elec-
experiment. troplating, resist strip, and sputter metal etch. Wet etches used

The test coupon design used to obtain peel strength meastvethe sputtered Cu, NiCr, and Cr are standard industry etches
ments is shown schematically in Fig. 1. To begin processing 3.
the test coupons, print and etch of a copper clad panel of FR4After processing of the test coupons was complete, the
was performed. Next, a dry film of photosensitive epoxy dielecoupons and equipment were prepared for peel strength tests.
tric was applied, flood exposed, developed, and cured. Then, Metal leads that were the same width as the Cu peel strips
panel was routed to singulate the test coupons. Six test coupd8sl75 mm) were soldered onto the Cu peel strips. The strips
one for each of the 6 combinations of factors, were then surfasere then pulled from the epoxy so that running peel mea-
treated (Ar orO- plasma etch) and metallized (Cu, NiCr/Cusurements could be immediately obtained. The equipment
or Cr/Cu) using a Leybold in-line vacuum sputtering systemsed for the peel test was an Instron model number 5567. The
type Z600 with a Polycold trap. The plasma etch and sputtesupon to be tested was rigidly secured in an Instron fixture
parameters are given in Tables | and I, respectively. Becaubat maintained a 90peel angle during the peel test. The peel
both the plasma etch and sputtering were done within the Lestrength test was then performed. The parameters of the peel
bold sputtering system, no exposure of the coupons to atmesength test are summarized in Table Ill. A single peel strength
phere occurred between surface treatment and metallization. F@asurement was obtained for each peel strip by averaging the
the coupons with Cu metal type, only Cu was sputtered. Famning peel load for the peel length od £ 3 mm.
the coupons with NiCr/Cu, the coupons were sputtered withThe 36 data points that were obtained from the peel strength
NiCr followed by Cu in the same sputter chamber. Likewisdéest were statistically analyzed in order to quantify peel strength
the coupons with Cr/Cu were sputtered with Cr followed by Cresults. The software utilized in the statistical analyzes was JMP
in the same sputter chamber. Sputter parameters for Cu lisféd A number of statistical tests were performed including a fit
in Table Il were used in cases that Cu was sputtered directhodel platform based on least squares and Bayes plot platform
onto the epoxy dielectric as well as in cases that Cu was spoi#ssed on probability.
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TABLE IV
XPS PARAMETERS * SPUTTERRATE REPORTED ASSiO2 SPUTTERRATE
6
equipment PHI Quantum 2000-1
X-ray source monochromated Al Ko 5 T
XPS spot diameter 200 pm & I
base pressure 1E-8 Torr £ 4 -
pass energy 93 eV = 1
sputter ion current species | Ar ::f i
sputter ion current 2 nA % 3
sputter voltage 2keV g
sputter angle 45° )
sputter raster size 2mm X 2 mm
sputter rate * 120 A/min 1 T
sputter intervals 0.5 min T
sputter sample position Zalar rotation o
3 o] 4] o] 3 g
i & = = = =
Upon completing the DOE section of the study to quantify < 2 2 E? g
& =}

peel strength, an analysis using SEM (scanning electron
microscopy) and EDS (energy dispersive spectroscopy) was
performed to investigate the failure interface during the pefp- 2 A"ert""ge pef'ks”efngths ﬁ”‘: tf]ta”.dard ‘(’j?t‘.’iatio”s- six peel strength
strength test. Both the underside of the Cu peel strip and t g oHrements were taxen for each o7 fhe six conditions.
corresponding epoxy surface were investigated for the sample
with the lowest peel strength and the sample with the highest

peel strength. An AMRAY model number 18301 SEM equipped ‘ : +

with an EDAX International EDS was used for this analysis. 5] T e e O
The surfaces were studied®t5x magnification. 4 ' QX%WMM“”

With verification of the main failure interface during the £ P > Q
peel strength test, an XPS study was performed to investigate § 31 T '
chemical adhesion mechanisms. At the same time that the peel £, 4
strength test coupons were processed, coupons to be studied § -
using XPS were processed. To process the XPS coupons, 6 17 !
coupons (taken from the same panel described above) were 0 : .
processed using the same plasma etch and metal sputter Ar 0 All Pairs
parameters listed in Tables | and Il, respectively, with one Surface Treatment T“keYéKramer

0.0

exception. During metal sputter, a conveyor speed increased by
a factor Qf 1.7 was used, which effectively d_ecreased the Spu'i]-;l [ 3. statistical analysis of peel strength by surface treatment. Comparison
metal thickness on the XPS coupons by slightly less than hgities to right show surface treatments of Ar &hwlto be significantly different
those thicknesses listed in Table Il. The coupons were tha&rihe 95% confidence level.
analyzed by XPS using PHI Quantum 2000-1 equipment. The
XPS parameters that were used during the study are listeddRen in all. The Dimension 3100™ AFM in tapping mode is
Table IV. For these XPS parameters, the resolution of the XiSgecified to have nanometer in plane resolution and better than
was an effective FWHM of 1.5 eV measured for f@2p3,2 0.1 nm vertical resolution.
peak.

Finally, an AFM study was performed to investigate me- IIl. RESULTS
chanical adhesion mechanisms. At the same time that the peel )
strength test coupons were processed, coupons to be stufted/€asured Adhesion
using AFM were processed. To process the AFM coupons, thred he graph of the adhesion results is shown in Fig. 2. The six
coupons were taken from the same panel described above. Peel strength means and standard deviations shown were each
of the three coupons was maintained as an untreated surfaceleiermined from six peel strength measurements. Control sam-
control. Another of these coupons was processed using thepdas, for which the thin films were deposited directly onto un-
plasma etch parameters listed in Table I. The last of the threeated epoxy surfaces, were found to have no adhesion as the
coupons was processed using the plasma etch parametersmetal peeled from the epoxy surface during sample preparation.
listed in Table I. A Digital Instruments Dimension™ 3100 The statistical analyzes that were performed on the peel
Series scanning probe microscope was used in tapping maettength measurements, including those analyzes based on least
for this analysis. This AFM was equipped with NanoProbe™quares as well as those based on probability, yielded the same
SPM tips type TESP with specified tip radius of 5—10 nnresults. These results are summarized in Figs. 3 and 4, which
AFM scans for500 nm x 500 nm and300 nm x 300 nm areas show results of the Fit Y by X platform in JMP software. These
were obtained for each of the three coupons. Then, anotfigures can be interpreted with the following information: group
set of scans were obtained as a replication, totaling 12 scamsans are represented by bold dots and are shown with error
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bars of one standard error; means of the groups are Connecf-ﬁﬁjb. XPS depth profile of metal-epoxy interface for Ar: Cu sample.
diamond heights are 95% confidence intervals and diamond
widths represent group sample sizes; and horizontal lines seen 10 7™ T
outside of and on diamonds represent one standard deviation.  oqf Cups, Cls
By inspection of the comparison circles that represent popu-
lations determined for the conditions, Fig. 3 shows that, when
metal types are taken togeth®r produced significantly higher
peel strengths than Ar plasma etch at the 95% confidence in-
terval. Likewise, Fig. 4 shows that Cr and NiCr produced signif-
icantly higher peel strengths than Cu but Cr did not produce sig-
nificantly higher peel strengths from NiCr. In addition, these fig-
ures show that the difference between metal types of Cu versus
Crand NiCr is greater than the difference between surface treat-
ments of Ar and), plasma etches. 20

To investigate the effect of surface treatment within the metal
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w
Se.
¥
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10r\O1s
types, the same statistical tools were applied. Significantly . ' _Ols___
higher peel strength measurements fds—treated samples 00 200 400 600 800 1000 1200 1400 1600 1800 2000
were verified at the 95% confidence interval compared to Sputter Depth (A )
Ar-treated samples for both Cu and Cr metal types, but failed
to be verified for NiCr metal type. Fig. 6. XPS depth profile of metal-epoxy interface for O: Cu sample.

Additional statistical analyzes were done to determine if, for _
each of the six test coupons, the peel strengths obtained “oferXPS Analysis

FR4” were significantly different from those obtained “over To understand the peel strength results that were obtained,

Cu.” At the 95% confidence level, the conditions of “over FR43n XPS study was conducted to investigate the chemical adhe-

versus “over Cu” did not produce significantly different peedion mechanisms. Because the condition of “over FR4” did not

strength results. produce significantly different peel strength results compared
to “over Cu” per statistical analyzes, the metal-epoxy interfaces

B. Failure Interface Analysis “over Cu was the side of the XPS_ coupons arbitrarily chosen
from which all XPS data was obtained.

An SEM study was performed to determine the main failure The XPS depth profiles for Ar: Cu and O: Cu are shown in
interface during the peel strength tests. At a magnification Bfgs. 5 and 6, respectively. The peak atomic concentrations of
565x%, essentially no material was seen on the underside surf&zéor both of these profiles are 4%.
of the Cu peel strips for the Ar: Cu coupon, the sample with the For the Ar: Cu and O: Cu samples, O1s spectra were obtained.
lowest peel strength. EDS was used and verified pure Cu. At thee O1s spectrum for O: Cu sample is shown in Fig. 7. The O1s
same magnification, small are@s 1 mil) of material were seen spectrum for Ar: Cu sample is almost identical to that shown in
on the Cu peel strip underside surface for the O: Cr/Cu coupdfig. 7, and, therefore, is not included here. In this Ols spec-
the sample with the highest peel strength. EDS detected thetakm as well as all other spectra presented in this study, the indi-
ements C, O, Mg, Ca, Cr, and Cu, indicating the material waglual lines represent the XPS data taken throughout the metal
the epoxy dielectric with calcium carbonate—magnesium cdayer, with the upper-most line taken at the beginning of the pro-
bonate filler. In effect, the SEM study verified the main failurdile to the bottom-most line taken at the end of the profile and,
interface to be metal-epoxy. therefore, deepest in the interface. By inspection of the lines just
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Fig. 10. Cr2p spectrum for Ar: NiCr/Cu sample. Arrow shows peak with Cr
Fig. 8. XPS depth profile of metal-epoxy interface for Ar: NiCr/Cu sample. metal and Cr oxide character.

below the Cu surface to the organic (epoxy) interface for the Ar: For the Ar: NiCr/Cu and O: NiCr/Cu samples, Cr2p spectra
Cu and O: Cu samples, no significant amount of metal oxidewsere obtained. Because these spectra were similar, only the
seen. Cr2p spectrum for the Ar: NiCr/Cu sample is shown here as

Finally, for the Ar: Cu and O: Cu sampleSn2p;/, and Cu  Fig. 10. The Cr2p spectra for both samples contained peaks
Auger spectra were obtained. These spectra were charactertséicing Cr metal and Cr oxide character, indicating presence of
for Cu metal Cu2ps,, and Cu Auger spectra characteristic foboth Cr metal and Cr oxide. In Fig. 10, an arrow is drawn to
Cu metal can be referenced in literature [2]. show such a peak.

The depth profiles through the metal-epoxy interface for Ar: Further, for the Ar: NiCr/Cu and O: NiCr/Cu samples, Ni2p
NiCr/Cu and O: NiCr/Cu samples are shown in Figs. 8 and 9, repectra were obtained. Only the Ni2p spectrum for the Ar:
spectively. The peak atomic concentrations for Ni on these A¥iCr/Cu sample is shown here as Fig. 11. Upon inspection
versusO,-treated samples are similar at 82% and 79%, respex-the Ni2p peaks deepest in the NiCr, spectra for both sam-
tively. The peak atomic concentrations for Cr are also similar ptes showed peaks having Ni metal and Ni oxide character,
17% and 16%, respectively. As validation that these results aneicating presence of both Ni metal and Ni oxide. As further
reasonable, the atomic concentrations for Ni and Cr found ewmidence that NiO was detected, shake up peaks for NiO was
these samples are close to the 80 wt% Ni/20 wt% Cr composeen in the spectra for both samples. An arrow is drawn on
tion of the NiCr target that was used for NiCr sputter. In addFig. 11 to identify the NiO shake up peaks.
tion, the peak atomic concentrations for O on these Ar- versusFinally, for the Ar: NiCr/Cu and O: NiCr/Cu samples, Ols
O,-treated samples are significantly different at 6% and 12%pectra were obtained. Only the O1s spectrum for the O:
respectively. NiCr/Cu sample is shown here as Fig. 12. Spectra for both
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Fig. 12. Ols spectrum for O: NiCr/Cu sample.
Fig. 14. XPS depth profile of metal-epoxy interface for O: Cr/Cu sample.

samples indicate presence of metal oxide. Because evidence of
oxides was determined on the Ni2p and Cr2p spectra for bott Cr2p Cr metal
the Ar: NiCr/Cu and O: NiCr/Cu samples, the metal oxides
seen on these O1ls spectra are assumed to be both Cr and
oxides. Comparing these two spectra, the peaks deepest i
the NiCr show a significant increase of metal oxide for the 7
O,-treated sample.

The depth profiles for the Ar: Cr/Cu and O: Cr/Cu samples
are included as Figs. 13 and 14, respectively. The peak con ]
centrations for Cr on the Ar- an@,-treated samples are both 4
94%. The peak atomic concentrations for O on these Ar- versus ®
O,-treated samples are significantly different at 14% and 24%, —
respectively. 1

Cr2p spectra were obtained for the Ar: Cr/Cu and O: Cr/Cu
samples. Because these spectra were similar, only the Cr2
spectrum for the Ar: Cr/Cu sample is shown here as Fig. 15. 0 5.90 5185 5|80 5l75 5|70 —End
Like the Cr2p spectra for the Ar: NiCr/Cu and O: NiCr/Cu Binding Energy (V) of profile
samples, the Cr2p spectra for the Ar: Cr/Cu and O: Cr/Cu sam-

ples. contained peal§s having Cr metal and Cr oxide Charact%: 15. Cr2p spectrum for Ar: Cr/Cu sample. Arrow shows peak with Cr metal
In Fig. 15, an arrow is drawn to show such a peak. and Cr oxide character.

Cr oxide }
X 104
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Fig. 16. Ols spectra for O: Cr/Cu sample.

Fig. 17. AFM image of untreated epoxy surfaces@80 nm x 500 nm scan

For the Ar: Cr/Cu and O: Cr/Cu samples, O1s spectra wesrltzee'

obtained. Only the O1s spectrum for the O: Cr/Cu sample ig
shown here as Fig. 16. Spectra for both samples indicate pre e
ence of metal oxide, or, more specifically, Cr oxide. Comparing e
these spectra, a significant increase in Cr oxide is seen on t
O,-treated sample.

For all six of the XPS coupons, Cls spectra were obtaine
as they were utilized to generate all six of the depth profiles
These C1s scans are not shown here because they all are aln|j Ej e ot
identical, with peaks showing expected C—H and C-O bonc -
from the epoxy.

D. AFM Analysis

An AFM study was performed to determine if the Ar or . . ‘
0, plasma etch modified the epoxy dielectric surface an R ¥ g i O
contributed to a mechanical adhesion mechanism. Typic i
AFM images that were obtained f&0 nm x 500 nm and
300 nm % 300 nm scan areas are shown in Figs. 17 and 18, r@'g. 18. AFM image of Ar-treated epoxy surface3&t) nm x 300 nm scan
spectively. Upon inspection of all AFM images, no differences
could be verified visually for the untreated, Ar plasma etched, TABLE V
and02 plasma etched conditions. SUMMARY OF SURFACE AREAS AS DETERMINED BY AFM FOR

Because no effect of surface treatment could be detected vi-500 nm x 500 nm ScAN AREAS OFUNMETALLIZED EPOXY SURFACES
sually, calculations including, (average roughness) and S.A.

(surface area) were performed on the 12 scans using AFM soft- Surface | ZRange SA Inc:’;’ase
ware. No correlation of?, to surface treatment was found. Treatment | (nm) (m?) | over Flat
However, a correlation of S.A. to surface treatment was deter- Area
mined. Data including the Z range, S.A., and % Increase Over ‘(‘:(‘)fne;flgl g»é ggiig‘: SEZZ
Flat Area are s_hown for the00 nm x 500 nm and300 nm x Ar plasma 135 2512607 0.6%
300 nm areas in Tables V and VI, respectively. The Z range etch 7.7 251,927 08 %
data is necessary to confirm that no large pits or bulges occurred O;plasma | 12.8 254,268 1.7%
within the scan area, which would yield incomparable S.A. data. etch 9.0 257382 | 30%
The % Increase Over Flat Area data was calculated as an index

to further quantify surface area and to easily compare differ- IV. DISCUSSION

ences in S.A. data. Upon inspection of the data for both scan

sizes, a trend of increasing surface area was recognized frdmXPS Implications

the control to the Ar-treated epoxy to the-treated epoxy. Al-  The XPS study explained only some of the differences in peel
though this trend was recognized, none of the % Increase Os&ength data. For direct Cu metal type, XPS analyzes did not
Flat Area were accepted to be large enough to contribute to difve evidence that the difference in peel strengths on the Ar-
ferences in a mechanical adhesion mechanism as a main adieesusO--treated samples could be attributed to a difference in

sion mechanism.

a chemical adhesion mechanism. This evidence was particularly
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TABLE VI - - - Cy;0 + 120, — 2Cu0
SUMMARY OF SURFACE AREAS AS DETERMINED BY AFM FOR ~—2Cu+120;—> Cu,0
300 nm x 300 nm SCAN AREAS OFUNMETALLIZED EPOXY SURFACES venas NI+ 12 Oy =2 NiO
..... 2Cr + 322 0= Cr,0
% 200000 - )
Surface | Z Range S.A. Increase o
Treatment (nm) @m?) over Flat !‘3 0]
Area =
untreated 8.7 91,063 1.2 % .g
(control) 10.2 91,298 14 % ‘é -200000
Ar plasma 9.7 91,475 1.6 % 5
etch 11.7 91,512 1.7% ; -400000
O, plasma | 10.8 93,133 35% &
etch 12.8 92,599 2.9 % g -600000 4
= et
§ s e
noted as lacking in the O1s spectra for the direct Cusamples.Ing | .7
contrast, the XPS study did give evidence that the significantly g -i0000{ ..
higher peel strengths obtained for the- versus Ar-treated &
samples within the metal type of Cr could be attributed to dif- ~1200000 T . e , - -
. . . . g . 0 2 8 1 12 1400 1 1
ferences in a chemical adhesion mechanism. Specifically, it was ° 600 80 % 60 1500
seen by inspection of the O1s spectra for the Cr samples that Temperature (K)

O, plasma etch produced an increased amount of metal oxigl& 19. Standard Gibbs energy of formation for Cuu, 0O, NiO, and
at the metal-epoxy interface compared to the Ar plasma etef}, o, [s). T

The XPS study gave some insight to the NiCr samples. Inspec-

tion of the Ols spectra for the NiCr samples showed that ] ) )
plasma etch produced an increased amount of metal oxide atA&llY the metal oxide can be decomposed by a reducing sub-
metal-epoxy interface compared to the Ar plasma etch. Wher&i&Nce, such as the Arion sputter used to obtain depth profiles in
the increased metal oxides from Ar@ plasma etch resulted XPS analyzes. The reduction of metal oxides by Ar ion sputter
in significantly higher measured adhesion for Cr, the increastQ SPectroscopic depth profiling analyzes has been documented
metal oxides from Ar t@), plasma etch did not result in a veri-2Nd can be referenced in literature [6], [7]. The thermodynamic
fiable significantly higher measured adhesion for NiCr. In addifformation supports why the XPS study, particularly onthe Ols
tion, the XPS study showed evidence of Cr to be more reactvReCtra, showed the total amount of oxide to be most abundant
with the epoxy surface than Ni because of the higher concé?ﬂthe Cr_samples followed clos_ely bytheto_tal amount of oxides
tration of metal oxide on the Cr sample compared to the Ni@P the NiCr samples and why little to no oxide was detected on
sample. With consideration to all XPS spectra that were invedfi€ direct Cu samples. Thermodynamic information may also
gated, the result of higher metal oxide concentration can be s@ff insight as to why increased metal oxides from Aitp

in the increased peak atomic concentrations of O for the Cr sapi@sma etch did not result in a verifiable significantly higher

ples (14% and 24%) versus the NiCr samples (6% and 129%) B¢asured adhesion for NiCr. The thermodynamic data shows
the XPS depth profiles. that the affinity for Ni to bond with O is more similar to Cu than

. . Cr, suggesting that the bond strength of Ni and O is more sim-
Thermodynamic data for Cu, NiCr, and Cr does lend Suppgfi; 15 Cy and O than to Cr and O. For the NiCr samples, it is

to the XPS results discussed here. The favorability of a metaldgygested that the main contributor to measured adhesion was
_forrr_1 its oxide or for a metal_(_JX|de to be oxidized to a hlgher O%he Cr component of the NiCr source (80 wt% Ni/20 wt% Cr)
idation state may be quantified by the thermodyngmm Propeificause the strength of the oxide bonds of Cr was greater than
of St.andard G't,)bs Free Energy O,f Formation. This thermod%-at of Ni. Even with the increase of Ni and Cr oxide formation
namic property is plotted as a function of temperature and showfe 1 then,, plasma etch, the net effect of increased Ni oxide
in Fig. 19 for Cu,Cu»O, Ni, and Cr. The plot shows thal, O3 g not significant in the adhesion measurements as it was es-

readily forms from Cr as this oxidation reaction has a signifgia|ly masked by the relatively stronger, more concentrated
icantly lower Standard Gibbs Free Energy of Formation th%?fect of the Cr oxide.

all the other oxidation reactions plotted. ComparedtgOs,

formation of NiO is much less favorable. Formationaf; O is L

slightly less favorable than the formation of NiO. Also describe%' AFM Implications

by the plot, the oxidation ofu,O to its higher oxidation state From the AFM study, AFM images were obtained that

of CuO is the least favorable as this oxidation reaction has thleowed no visually discernible differences among the un-

highest Gibbs Free Energy compared to all the oxidation redeated, Ar plasma etched, and, plasma etched epoxy

tions plotted. dielectric. Moreover, no correlation @t, to surface treatment
Two important aspects of the metal oxides considered in thims determined. However, a correlation of surface area to sur-

study may be obtained from this thermodynamic informatiofiace treatment was identified, specifically, a trend of increasing

First, the more desirable for a metal to form oxide, the momairface area on the epoxy dielectric from the untreated to the

readily the metal may react with the epoxy (an O-rich polymerir-treated to theD,-treated surface. Although this correlation

Second, the less desirable for a metal to form oxide, the mavas recognized, none of the % Increase Over Flat Area were
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accepted to be large enough to contribute to differences in g2] J. L. Daviset al, “Spectroscopic studies of the chemical properties of
. T 217-221, 1992.

nism. The first |mpI|cat|on of these AFM results was that, for (:!3] Sputtering Targets and Evaporation Sourceterials Research Cor-

all conditions studied, the main adhesion mechanism attribute poration, New York, 1985, pp. 7-4—7-7.

to the differences in peel strength measurements was thé# JMP Version 3.2.6SAS Institute, Inc, Cary, NC.

. . . . . ] D. R. Lide, Ed., CRC Handbook of Chemistry and Physi&/th
chemical adhesion mechanism of metal oxidation. The second™ ¢y Boca Raton, FL: CRC, 19961997, pp. 5-89-5-92.

implication, as taken from the first, was that Cu oxide was [6] D.F. Mitchell et al, “Sputter reduction of oxides by ion bombardment

during Auger depth profile analysisSurf. Interface Anaj.vol. 15, no.

8, pp. 487-497, 1990.

[7] H.J.Mathieuet al,, “Depth profile analysis of thin oxide films by Auger
electron spectroscopylEEE Trans. Nucl. Scivol. 3, pp. 2023-2026,
Sept. 1977.

available on the Ar: Cu and O: Cu samples but was beyond the
detection limits of the XPS equipment.

V. CONCLUSIONS

Statistical methodologies were used to determine that NiCr
and Cr produced higher peel strengths than direct Cu and t
O, plasma etch produced higher peel strengths than Ar plas
etch for Cu and Cr metal types, but not for NiCr metal typ
Within the Cr samples, the increased peel strength from
to O,-treated samples could be attributed to a difference i
chemical adhesion mechanism. XPS showed the chemical
hesion mechanism to be the reaction between Cr and the ep
to form oxide. Within the NiCr samples, XPS showed an ir
crease in oxide formation from Ar- tO,-treated samples, but
this effect did not lead to a significant increase in peel streng
Within the Cu samples, XPS showed no oxide for either the Ar-
or O,-treated samples. Thermodynamic information in the form
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