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Introduction

Quantiative measurement of the adhesion and mechanical properties of
polymer fiims is  subject which has received much attention [1-3). Recently, with the
acvent of polymer films in microelectronics, the need to accurately measure in-situ
the mechanical properties and adhesion of polymer films as thin as 2 um has arisen.
Many techniques have been developed and/or adapted from thick fiim techniques to
partorm the mechanical property measurement [3-5; however, there exist few
techniques which quantitatively measure the adhesion of thin, well-adhering polymer
fims.

The reason for this i that thin, well-adhered polymer fims often are

to tests. That is, upon

attempting to remove the film from the substrate in a controlled manner, the film tears
belors t peels [6]. Almost every attempled solution 0 this problem involves
strengthening the film in some way. For example, in the standard 90° peel test, a
very thick tayer of polymer is often buit up 5o that it can be peeled without tearing
17.8]. The problems inherent in this method are twofold. First, it is not clear that the
) is the same for a thick film

ngth (ie., the ‘intedtacial
and a thin fim of the terial. Second,
‘quantity in the peel experiment) may change drastically as the fim thickness
increases [9]. Thus, i is desirable to investigate the feasibily of a test which can be
adapted 10 thin films without modifying them in any way.
A closely related test to the peel test is the blister test [10]. In this test, a fim is
gas) unil it begins to

ahole i ya
‘Peel from the substrate. If the bister geometry is known, the work of adhesion can
be calculated from the pressure at which peel intiates [11-13]. The blister test has
several advantages over the peel test. First, it is not necessary to make mechanical
contact o the film 1o effect peel. Second, since the peel angle in the bister test is
small, it is possible that the effects of viscoelastic and plastic deformation of the film
i th that bister test sites can be fabricated

using materials of importance in microelectronics. Hinkley [14] has succeeded in
fabricating suspended polymer films on silicon wafers using a non-fithographic
fabrication process. However, the biister test suffers from the tensiie strengih
limitation mentioned previously: i fims are thin and/or well-adhering, bisters may
burst before peel can be initiated. fn spite of his, the bster tes offers several ways
around the tensile strength iimit, These will be discussed below.

©One method which has been proposed to overcome this i is the

test [15]. Inthis test, the growing bii inthe
vertical dicection by placing a plate over #t. The plate prevents large deflections in the
Vertical direction, allowing large pressures 10 be applied 10 the biister without tearing

the film. The initi this ith tapes.
However, it is possible that films which fail due to defect formation (for example,

sed 10 tapes il i i blister test,
which s of dueto exceeding

the film. In addition, the failure due 1o st atthe edge of
the biister s not taken into account. Thus, an alterate method is needed.

The structure we propose 1o overcome the tensile strength it is called the
‘istand biister (16]. The isiand biister is a modification of the standard biister site in
that the suspended membrane of film has an ‘sland of substrate stil attached at its
center. The isiand and the substrate are bot fastened 10 a rigid plate and pressure
s applied as in the (Figure 1). Film peeling wi only off the
conter isiand. 1 can be shown [13,16] that the pressure necessary to iniiate peel

wared to the the nply by making
center island sufficiently small. Thus, the tansile strength limit of the film can be
overcome his not suffer from the
constrained blister test in that relatively low pressures are used 1o initiate and sustain
peel; therefore, the issues of stress concentration and defect failure are not

important. The theory istand test sit
‘adhesion of p ill be di
Theoretical

The isiand biisters can be modelled using an energy minimization approach
ith island structure as

a circular adhered fim area on an isiand at the certer of a circular suspended
membrane behavior of which residual stress, it
can be shown that the pressure 1o initate peel (pc), the work of adhesion of the film
(¥,). and the radius of film stll adhered 1o the island (ay) are related by (Figure 1)

282
— m
2qt
where t s the film thickness, a is the radius of the suspended fim, G is the residual
stress in the film, B i the ratio a, / ay, and (B) is a function given by:
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Aplot of a,2 (8) as a tunction of p, 2 shoutd yield a straight fine with siope.
proportionsal 10 the product of film residual stress, thickness, and work of adhesion.
The bya i and the
residual siress can be measured as described below. Thus, the work of adhesion of
the film can be obtained from the siope o the above plot.
1t can be seen from Equations 1and 2 that p,, decreases as the size of the
‘center istand decreases (i.., 25 8 increases). In fact, f the size of the center istand is
arbirarily smal, p, can be made arbirarily low (1., s than the films tensile strangth
fimit) independent of the work of adhesion of the film. This is the fundamental
advantage of the island biister geometry.
has peeled, a the fimis formed
(Figure 2). The residual stress in the fim can be determined in-silu by a
1 the load of the membrane [17.18]. It can
be shown that the deflection at the center of the membrane in response to the
applied pressure is given by:

= ‘eﬁi)ﬂ = 0547 p, (<}

Z
where p is the appiied pressure, E is Young's modulus, O is the residual stress in
the film, 2a is the site size, 1 is the film thickness, and d is the detlection at the center
of the membrane. If a set of pressure-deflection data are taken, a plot of p/d versus
1162 is linear with slope proportional to Young's modulus and intercept proportional
10 the residual stress [18]. Thus, the work of adhesion of the film can be determined

‘completely from the center isiand, the deflection of the fim s a funclion of preg

was lop of the il 0 adigi
micrometer o measure the deflection of the microscope stage Necessary o kee
the film in focus.

Results and Discussion

Five test sites were measured, three of PMDA-ODA and two of
ETDA-ODAMPDA. Figures 3 and 4 present the peel data for the two polyimices
The peel data are plotted in accordance with Equations (1) and {2), with 3‘21(51 °
the y-axis and p;"2 on the x-axis. From Equation 2, such a plot shoukd be straig

line through the 3210, Y, The ickne
‘product was calculated by a pos!-peel load-deflection measurement as descrivec
above. The thi profi , allowing the

indepandent calculation of residual siress. Values for thickness, stress, and won
adnesion of each polyimide are given in Table 1. With one exception, the
reproducibilty of the measurement from site 1o site was good. The reason for the
single discrepancy is not known.
The PMDA-ODA polyimide had consistently poorer adhesion 1o akuminum
than the BTDA-ODA/MPDA polyimide. This is consistent with previous qualiative
120]. The residuat stresses umi

somewhat lower than previously reported values for these same polyimides on
silicon dioxide [18]; the effect of the substrate on film residual stress is a topic of
current study.

The work of adhesion inferred from the island blister test (in m?) can be
converted 1o an equivalent 90° peel strength (in g/mm) by dividing by 9.8. For
PMDA-ODA, the equivalent peel strengih is 11.1 g/mm, and for BTDA-ODAMPD

froma island peel and load:

Experimental

Fabrication. Istand blister test stes are fabricated using micromachining
techniques. On each die (test site), a § um thick square diaphragm ten mllmeters on
 side with an island of silicon at the center one millimeter in diameter is etched in a
(100) skicon waer from the back using a silicon dioxide etch mask, a 5 um p*
difusion of boron as an elch stop, and 50% hydrazine in water as the anisotropic
etchant. The silicon dioxide etch mask is removed in a hydrofiuoric acid sofution, and
21500 A thick film of alt ited i atarate
of 25 Arsec. The polyimide of interest is then spin cast and cured. The Sm silicon
diaphragm is removed using a backside SFg plasma etch and the aluminum is
removed from the membrane area using a phosphoric-acstic-nitrc acid solution 1o
form the island biister.

Application. Two types of polyimide were tested, a pyromelitic dianhydride -
‘oxydianiline formulation (PMDA-ODA) and a benzophenonetetracarboxylic
dianhydride - oxydianiine / formutat
‘The polyimides were spun in mutiple coats at 4000 rpm for 80 seconds, with a 15
‘minute prebake in air at 150 C between coats. The PMDA-ODA polyimide was
applied in three coats and the BTDA-ODAMPDA polyimide was appiied in two coats,

peel strength is 49 g/mm. These numbers are generally lower than
reported 90° peel sirengths obtained from thicker flms [7]. 11 is not known whethe
this experimental discrepancy is due to variations in sample preparation. However
must be thata i e
{viscoelastic and plastic) as well as work of adhesion in the peel strength. Kim (3] h.
‘shown that in the 90° peel test. I

test, not only is the peel angle close 10 0° (thus straining the film less), but also the
peel rate is typically 2-5 uvs, much lower than conventional peel tests. Thus, the
effects of dissipative less in the test,
‘Which may account for the observed discrepancy in peel strength. We are present!
extending the simple peel model of Equations 1 and 2 1o inckude both dissipative
sffects and the contribution of the modulus of the film 1o the p: ¥, relationship.

Conclusions

The island blister test, a method for quanitatively measuring the adhesion of
thin, ims h LA
tensile strength limited in ordinary adhesion tests can be peeled using the island
biister technique. A model for the fest, relating critical prassure 1o the work of
adhesion of the film, has been developed. The test was applied to two 4.5 um
polyimide films on aluminum substrates. For a PMDA-ODA polyimide, the work of
measured 10 be 109434 J/m? (3 sites), while for a BTDA-ODAMPDA

5025 to yield an after-cure thickness of 4.5 um for i
carried outin nitrogen at 400 C.

The water and islands atype 304 stainless
steel piate usi epoxy, ol placed in a test apparatus [19]
inthe plate, and ing a siicon

pressure transducer buit inio the test apparatus. The pressurized biisters were
‘observed in an optical microscope and the pressure at which the film began o peel
(P) was observed as a function of the radius of fim still adhered to the istand (a.).
When the film began to peel, the pressure was lowered until peel ceased. The new
a4 was then measured, and the pressure raised until the film began to peel again. In
this way, a set of P vs. a; data coukd be measured. Once the film peeied
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polyimide, the work of adhesion was measured to be 481411 J/m? (2 sies).
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Figure 3. Adhesion plot of PMDA-ODA on aluminum
(three nominally identical sites)
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Figure 4. Adhesion plot of BTDA-ODA/MPDA on aluminum
(two nominally identical sites)
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