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Abstract
In this paper, we cansider intringic
properties of copper
alzctrodeposited as plateup on
pelyimide substrate, tharmal
respanse of electrodeposited
copper and fatigue performance of
copper and copper/ polyimide
sonstruction. The critical material
characleristic s exemined are
graln morphglogy and structure,
crystaliographlc texture,
microhardness, uniaxial strength
and ductillty and isothermal cyolic
fatigue life, Given optimum
processing conditions, copper
. plateup In flexible circults displays
fine grain structure, high ductility,
adequate thermal stability,
freedem frem thermal
embrittlament and excellent
fatigue endurance over a wide
rangde of strain amplitudes,
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Microhardness handness
measurements, cross-section
optical micrescopy, grain size
quantification and tensile/
{atigue testing were conducted
by M.G. Rozboril and M.G.
Minor, X-ray diffraction by
N.E. Bergkessel and optimiza-
tion of electro-chemical
parameters by LT. Wang.
Cross-section FIBCC-SEM
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cross-section TEM by
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1. Introduction

The flexibie printed circuiis in electronic packaging are the
multi-layer polymer/metal constructions, with applications
in computer dise drive, printer and redical devices. For the
flexible polymer substrate, adhesion, thermo-mechanical
dimensional stability, resistance to solvent absorption and
etchability are four critical performance attributes which
ure influenced by polymer chemistry and/or microstructure
(Weale et ai.. 1993). The polymer of choice is palyimide
since it can be processed at elevated temperatures to form
planarized structures of high mechanical stability and low
dielectric constant {Cununings e ., 1982; Estes and
Kulesza, 1983} Kapton E[i] is a high modulus polyimide
film with low coefficient of thermul expansion {CTE)

* which provides excellent dimensional stability, superior

cesistance to solvent absorption and good etchability
(Weale er al., 1992; 1993). The Ypilex-5[2] film offers
lower moisture absorption and CTE more closely mutched
to copper {Egitto e al., 1994), The thermo-mechanical
stability is needed for flexible circuits to minimize
movement of web features early in the process, which could
prevent alignmentfrepisiration during subsequent phote
pracessing (Weale ef ¢/, 1992), Adequate adhesion ensures
that the copper circuit lines remain in intimate contact with
the substrate during processing and in the field, and no
shorting oul of circuit lines ensues.

Copper does not renct with polyimide, bonds weskly
with it and hence tends to diffuse into it (Tromp ef af.
1985: LeGoues er f., 1988). Plasma treaiment of polyimide
leads to the bond seission of innde groups to form carbanyl
andd secandury amide groups; us a result, surface of the
polyimide film changes from bydrophobic to hydrophilic
(Inagaki er ¢f., 1994). The treutment remaoves & surface
layer of polyimide, forming needle shaped surface
protuberances and promoting improved adherance (Fronz,
1991}, Burthermore, ion bombardment accurting in the DC-
plasma configuration results in relatively high cross linking
of the polymer surface; promoting improved cohesion
strength in polymer and increased resistance to solvents and
moisture diffusion (Egitto er al.. 1994), Ever with the
plasma treatment, the adhesion of copper to polyinide
remains relatively weak {Chung ef af., 1994). A thin metat
tie layer, such as chromium, separating copper and
polyimide is effective in enhaneing aghesion. Chromium
reacts with polyimide at the interface and is thus bonded at
the surface. forming a continuous layer on top of polyimide
(LeGoues ef al., 1988). The prior plasma treatment of
pelyirnide increases the reactivity of chremium with
poelyimide, and hence further increases the bond strength
(Chung et al., 1994).

Copper is elecirodeposited 1ypically on the plasma
treated polyimide coated with thin sputtered tie coat
layer (Cr, Cr/Cu or CufNi) and with thin sputtered copper
seed layer (Egitto er al., 1994), This adhesiveless
atlachment of capper ta the preireated and precoated
polyimide subsirate has several advantages: thin

electrodeposited copper layer, thin overall metal/polyimide
construction and ease of etching for the copper layer
circuitization {Fronz, 1991), Distinetive characveristics of
the polyimide are fully exploited. High-density fine-line
applications requiring smooth surface and thin construction
essential for fine line etching become feasible (Jiang et i,
1598).

However, the deposited metal layers often resutt in web
curvature (curl) due to residual stresses, especially when the
metal is deposited only on one side of the web (Chen ef al.,
1993). Since the laminate is subjected to through-hole
formiing operation for metal layer interconnect, tooling
heles and photolithographic registration aids, the web
should remain flat to permit good registration. The
curling can be minimized by varying the thicknesses of
chromium and copper sputtered layers (Chen er af., 1953)
andfor by manipulation of the copper electrodeposition
parameters,

During the adhesion peel test, fracture may occur
adhesively (Ahn ef «l., 1996) at the metal/polyimide
interface or eohesively (Iwamaori, 1997} in polyimide a litte
below the interface (Jiang et af., 1998; Pappas and Cuomo,
1991}, High fracture energy and ease of plastic deformation
of the metal layer contribute to the enhancement of peel
strength (Pappas and Cuomo, 1991; Joh e al., 1996). More
duetile metal Alm has higher peel strength. Wide and long
open gratn or morphological boundaries assist the metal
luyer to be bent more gasily during peeling. Ensy bending
of the metal film induces more extensive plastic
deformation with relatively large contribution to the peel
strength, Low yield strength of the metal inyer rensonably
accounts for high peel strength, The peel strength is thus
more i measure of the plastic deformation accompanying
the peel test rather than a measure of the fracture energy
{Park and Yu, 1998},

[t is elear that five critical parameters for plateup are
internal stresses, surface roughness, grain structure/
morphology, strength and ductility. The first two are
conirelled by the choice of deposition parameters. In order
o minimize curling, the internal stresses in the
electrodeposit must balance the stresses in the sputtered
layers; the baluncing is specific to the design {(dimensions,
placement} of polyimide/metal layers construction. The
choice of deposition parameters which may balance the
internal stresses may not yield minimum surface coughness.
Since the smooth surface is essential for fine line etching
and, as we will establish in this study. also for fatigue
performance. an optimum window of electrodeposition
paramelers is developed for acceptable levels of curl and
roughness.

The intent of this study is o examine. within the
framework of optimum eclectrochemical pracessing
window, grain structure, faligue performance and thermal
response of strength and ductility of thin copper layer
electrodeposited an polyimide subsirae.
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2. Experimental procedure

Commercially available 25um thick Kaptor E {duPont) and
12.5um thick Upilex-S (UBE) polyimide films were
utilized as substrate. Using roll-to-roll production system.
plesma treatment, chromium tie layer deposition and copper
seed layer deposition were conducted in sequence. The film
surfaces were plasma treated in oxygen containing
environment at low pressure. About 30nm chromium film
was sputter deposited using 99.9 percent chromium target.
About 200nm copper film was sputter deposited on the
chromium layer using a planar magnetron and argon,
utilizing 99.99+ percent copper target. An optimum
electrodeposition processing window was estabiished in the
luboratory so that web curl and copper roughness were
minimized. Electrodeposition was conducted on a roll-to-
rofl production unit using acidified sulfate solution 10
deposit | to |5um thick copper layer over the sputtered
copper seed layer.

For copper electrodeposit less than 10um thick,
Upilex-§ film was used: for [0pum and thicker copper.
Kapton-E film was used. A set of samples was obtained. on
the production unit. outside the eptimum processing
window: this yielded rough surface. For samples within the
processing window, overpetential was varied. Another set
of samples was obtained at relatively high overpotential 10
yield low amplitude. large wavelength deposit surface

Figure 1

profile. A third set of samples obained at relatively low
overpotential yielded virtually flat deposit surface. The
deposit surface morphology tor the three sets is illustrated
in Figure 1.

The cross-section grain morphotogy was examined by
optical microscopy and by focused ion (Gallium) beam
channeling contrast {FIBCC) and SEM. The grain structure
of electrodeposit was examined by TEM. For planar view
TEM at mid-thickness. jet polishing was used. For cross-
sectian TEM, either microtomy followed by jet polishing or
FIBCC {Giunnuzzi, 1996) was utilized,

Tenstle tests were performed by monitoring crosshead
movement. the details are presented in our earlier paper
{Merchant, 1993}, Room temperuature tests were conducted
at 1.7 % 10 /sec strain rate and above room temperature
up to 473K at 4.2 x 107Vsec. Polyimide and polyimide/
copper laminate were separately tested. Tensile behavior of
the copper layer was determined by subtraction process
described elsewhere (Marionczyk, 1996). Tukon hardness
test procedure with 10g load, is described in our earlier
paper {Mercham. 1993). The microhardness value is
approximately proporticnal to the yield siress. The
crosshead displacement tensile test procedure provides
imprecise measure of the yield level (Merchant, 1997).
However, the yield strength appears to be about 0.7 times
the peak (ultimate} stress value at temperatures up to 473K,

Surface morphology of 15um plateup. Optical cross-sections (a) rough surface, non-optimum processing, (b) prafile surface,
optimum window, high overpotential, (¢} smooth surface, optimum window, low overpotential. Note vertical twin traces, (d)

FIBCC - SEM cross-section
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Figuta 4
Grain size distribution in vertical and harizontal orientations for 3;um and Spm plateups
S um 5 pm
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groin struclure of 3pm and S layers is shown in
Figure 3. The corresponding grain size distributians. based
on about 30 independent observaiions, using vertical and
horizontal intercepis are shown in Figure 4. For the vertical

orientation, leng tail of frequency distribution and break in
slope of cumulative distribulion correspond to the
elongated grains. The incidence of grain extension
apparently increases with the layer thickness. The mean



H.D. Merchant, ).T. Wang, Figure &

L.A. Giannuzzi and ¥.L. Liu Effect of 30 min. anneal on tensile propsrties and micrehardness for "rough™ 15.m plateup deposited outside the optimum
Metallurgy and performance of daposition window

giacirodeposited copper for . . . . : T . : " " . . .
flexibie clrouits 1_

" 10g LOAD
Circuit World L . ] « ot Bt ]
2674 (2000} 7-14 420 1 28 PEAK TOTAL g 140r

ol o
ot 1T 1 2
a PEAK 73 L
& = i n 130
Z 3801 : 20 z
- = E -
@ 2 g
x o 4 '& 120k
& £ %
g -
290 o g g 12 4
YIELD [le]o
210 1 1 4 1 I 1 1 | 100 1 1 L N R
273 373 473 B73 273 373 473 573 373 473 573 273 373 473 573

30 MIN. AT TEMPERATURE, X —

Figure 7
Effect of electrodeposition averpoteritlal on annealing response for 15;m plateup deposited
within optimum processing window

griin size in the vertical orientation is about 1.4 times that
in the horizontal origntation. us predicted for the twin
ted growth (DeAngelis ef af., 1995).
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The calculated texture coefficient P using X-ray
diffraction intensity data from the shiny {substrate side) and
muatte {nir side} surfaces of the copper layer, as a function of
copper layer thickness is shown in Figure 5. Note sudden
jump in Paay, from neoar randam (P = 0.33) for 3pm
thickness o a strong texture (P = 0.75) For Spm; alsa,
evolution of Py, from near random on the shiny surface to
highly oriented on the matte surface. Owing to about 3pm
subsurface penetration of the Cu-K radiation, it is not
meaningful to differsmiate between the shiny and mate
surfuces for copper luyer thicknesses Sum and lower, In the
crass-section TEM grain structure, Lhe growth \wins begin
lo appear for thicknesses 5pm and higher. Hence, grain
extension in thickness direction is apparently duc to the
premiotion of z-direction growth when <220 texture axis is
parallel o {111} twin plang (Bergstresser and Merchant,
1995),

3.2 Thermal response

The effect of 30 min. isothermal anneal between 296K and
573K on yield (0.2 percent strain cutoff) and peuak
(ultimure} siresses. peuk (uniform) and totol {fracture)
elongations and microhardness for the “rough™ 3pm
pluteup deposited outside the optimum window is siawn in
Figure 6. The yield stress curve runs paralie! o and abow
10 percent below the peak stress curve; the total elongation
curve is only slightly above the peuk elongation curve,
indicating uniform elengation (no necking inswbility)
atmost o fracture, Already high ductility. apparently due to
fine grain siructure and freedom from porosity. is further
improved by the anvesl exposure. The microhardness
anneal curve correspands to the annealing evenls taking
pluce at the plateup mid-thickness where the Takon
indentations were made. Non-uiformity of softening is
indicated by considerable scatter between 11 indentations
for a given resding. The shape of anneal curve lor
microhardness is different from that for yield siress which
averages anneuling evenis across {he wheole specinien
thickness,

Figuee 7 shows the effect of uverpotential on anncal
response for plateup deposited within the optimum winduw.
The anneal response in lerms of clongation is signilicauuly
diminished by reducing the overpotential. Note u small dip

{11]
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Figure 8
Shart tima - high temperature annea response for 15pm plateup processed within optimum window
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in elongalion between 296K and 435K, appurently annea)
induced embritilement (loss of elongation}, for the high
overpolentizl sample. Figure 8 shows the high temperature/
short time anneat response for the high ovempotential
sample. The peak stress appears to plateau around 200MPa
and total ¢longation as high as 40 percent is achievable by
fudicious thermal exposure, Eor a required ductility level,
an array of imehemperatuce combinations is possible as
shown in Figure Y. The effect of (est temperature on tensile
properties, for the high and low overpotential plateups, is
shown in Figure 10. There is no evidence of extensive
thermal embritlement common with electrodeposits
(Merchant, 1993). The normal metal behavior, increasing
lest tempernture reduces strength and increases elongation,
is observed: except that decrensing overpotential has a
tendency to eliminate the test lemperature effect on
elongation.

3.3 Fatigue

The effects of anneal cxposure at 453K, 60min. (coverlayer
thermul lamination simulation, see Figure 12) and of copper
autached to polyimide (Cw/P!) on strain control flex fatigue
over a wide range of strain amplitudes (Aef2) is shown in
Figure |1 in the Coffin-Manson (C/M) format. The break in
curve corresponds to ransition from plastic (low cycle
fatigue) 1o elastic (high cycle fatigue) response, the
Iranisition aceurring for fatigue life (Ny between 107 and
107 cyeles, The effect of annealing (Figure | 1a} is to
enhance Ny, especiully in the low cycle regime: the effect of
artaching copper to polyimide substrate {Figure Tib) is (0
lower Ny in the {aw cycle regime but to enhance it
drawmatically in the high cycle regime, For the later case,
the effective strain accommodation die 1o good adhesion
{no delamination) between polyimide and copper
subslantially reduces the C/M slope.

Figure 9
Annenl temperature and ttme for 20, 30 and 40 percent post-annea elongatlen for 15xm plateup processed within optimum
window
1 T 1 1 T 1 | T T T T T T T T
p 14730 8
X 1273 g -
g ronaf |
puaa |
B - ELONG., % -
a 30 X 40
=
o . 20 .
= -
673 1 Lo v 3 o4y 1 1 1 | I S R
5x10~! 100 2x100 5x10° 1of

TIME, SECONDS —



H.0. Merchant, 1T. Wang,

L.A. Giannuzzl 2nd Y.L, Liu
Metaliurgy and performance of
eloctrodapesited copper for
flaxibie cireuits

Clreuit Werld
26/4 [2000] 7-14

Flgure 10

Effect of tast tamperature on tensile properties for 15.m platevp deposited within aptimum processing windows

Flgure 11
Strain-control fiex fatlgue Coffin-Manson plots for optimum processed 15um plateup - effacts of (8) annealing and {1}

larnination
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