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Bl MICROFABRICA =D STRUCTURES FOR THE MEASUREMENT OF
' ADHESION AND MECHANICAL PROPERTIES OF POLYMER FILMS
f Mark G. Allen and Stephen D. Senturia
i Microsystems Technology Laboratories
o Massachuselts ingtitute of Technology
;4,.‘ Cambridge MA 02133
L!' ‘ i Introduction
"y
.a' Determination of the mechanical properties and adhesive strength of thin flims in
M microelectronic devices Is Important both during fabrication and In evaluation of long term device
,I: d : reliahiiity. Many tests of these properties are available [1-5}, but {ew combine the advantages of an
,:'v in-sit measurement technique and compatbility with standard integrated circult processes. Several
%‘.:_ -types of microfabricated structures for the measurement of the mechanical properties of polymer films

have baen fabricated In our laboratory [8,7]; the structures discussed In this work are suspended
(free-standing) square membranes of a polymer flim supported on an oxidized silicon wafer. In this
paper, we report the use of these structures for the [n-situ measurement of adhesion of polymer films.

. '.0 Sample Fabrication
A 2 Suspended membranes are made by first fabricaling 3 square cdiaphragm § microns in
) ,
'.‘t . thickness in an oxidized silicon wafer using photolthography and anisotropic etching techniques {€].
y ' The waler Is then spin-coated with the polymer of Interest-and the diaphragm is removed with a
- backside plasma eich 10 create 8 free-standing polymer membrane. Square membranes of a
W BTDA-ODA/MPDA polyimide (cast without adhesion promoter) from 1 to 25 millimeters (mm) on a side
) and ranging from 6 to 15 microns in thicknass have been fabricated using this technique.
A Altemnate structures which are based on the suspended membranes are ‘island’ structures. -
Aty To fabricate this structure, the square siicon diaphragm is defined $o as to leave a small island of thick
.*.: silicon at the center. The potymer s then spin-cast and cured as for the suspended membranes. Upon
Wy removal of the silicon dlaphragm, the suspended membrane is left with a small silicon isiand adhered -
W 1o its conter. This structure is then used as the basis for further adhesion tests. -
e Machanica! Property Measurements
;'i The resicdual stress and Young's modulus of the film can be determined by measurement of
o :, the load-deflection behavior of the membrane (see Fig. 1) [3,7,8). The walerls epoxied to a substrate
B which seals the cavily under the membrane and placed in a chuck which permits the application of
Vol dilterentlal pressure by use of either a pressure source or a microliter syringe. The differential
h pressure is measured using a slicon pressure transducer mounted In the chuck. The entire assembly
is placed on & microscope stage with a calibrated z-axis and the deflection d of the film at the center o! _
) the membrane is measured.
" :
)
e —, -
1
:'\” ] O oxide
1% B sBcon
o ¢
i Pressure (p)
&
3} Figure 1, Membrane paramaeters
:xls N A theorstical analysis of the load-dellection behavior has been performed using membrane
’ mechanics (the energy minimization approach of Timoshenko (9]), moditied to account for the
pJ° presence of residual stress [10). This ieads to the following relation:
Et 1
- . (—)da+( %)d-0547p (1)
\:;’ st
W i
M ’ In the fiim, 2a is the
N where p is the applied pressure, E Is Young's modulus, Gy I8 the residual stress .
3i’: length gl the sq?:o w‘:..t Is the film thickness, andd is th% detlection at the center of the membrane.
f':o Using this approach, we have previousty found vakies of E=3 GPa and G»30 MPa for this po!ylmi:e
o [7]. Knowledge of both the above equation and the mechanical property data are necessary fof the
study of polymer adhaeslon using these structures.
b
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Amun Measuremants - Suspended Membranass

The suspendad mambranes can be utad for & measurement of the work of adhesion v, of
the polymaer flim 1o the siicon dioxide substrate. By increasing the differential pressure on the {ast
site, the (m will peei off the substrate, lorming a biister. Computer simuiations of the biister vilume or
racius as a function of citical pressure at constant v, indicate that 1he blister pressuse-volume
characteristic is unstable; once pesl has been initlated at a fixed pressure, the blster will grow without
bound. This phenomenon has been observed experimentally in previous applications of the blister
tast {11]. Our experiment uses a controlied-volume loading to inltiate and limit peel. This is
accompiished by injecting pressurtzing fluid (air) into the space under the biister using a calbrated
microiiter syringe. The PV work necessary 1o peel (and streich) the bister from Rs indtial 10 finsl radius is
measured. The Injected (luld ig then withdrawn, and the portion of the PV work that went Into
streiching the blister is measured. This procedure is Dusirated graphicaily in Figure 2; the shaded area
is the average ¥, times the 1otal area pesied.

0.607 v
0.008 ¢
0.008 4
0.004 ¢
0.003 T
0.002 ¢
0.00% ¢

[ ] b P

] S0 100 150 200 250 300
INJECTED YOLUME (ul)

PRESSURE
MPa

Flgure 2. Adhesion PV data. Solid dircies - during peel;
. open circies - after pesi.

Wae have aiso carried out & theorstical derivation of the critical pressurs necessary to inltigte
peeiing of thin fitms of various geomatries under isteral icading (Pressure) and resicual {ensile stress
[10]. This wil be usetul as a counterpart (o the PV analysis described above, and is used to caiculate a
lowsr dound for ¥, shoulkd 2 be Impossle 1o nucleats bilsters without fim fallure. The approach
utilizes 8 fracture shergy balance and requires knowiedge of the pre-peel load-deflection behavior of
the sugpended membrane. From an energy minimization analogous 10 the derivation of equation (1),
the load-dellection behavior of flims of several geometries with resikiual tensiie siress can all be

descrived by the equation:
pekid® ey ekyd 3]
where k,, k¥ and k, are functions of the geometry of the test site and the type of film (plate or
mambrane). For thin on (nfinitely rigid substrates, the peei criteron is:
5 oy a3dlc, 28%q
o O (ki o il ) | P @
. 2 a4 as

where A is the genaraiized ioad-point displacement of the blister (in thig case, blister volumne), da/dA is
' the incremental dependence of blister size on bilster area, and ¢y, ¢,. and cy are
' maechanica-property-dependent constants. Tabis | gives the values of the various parameters in
equations (2) and (3} for three biigter geomatries: the clamped circular plate, the circular membrane,
and the square membrane. By substitution of the appropriate constanis into equation (3), and
simultaneous solution of (3) wih the corresponding load-deflection relation (2), 8 valus for ¥, can be
determined as g function of the critical debond pressure p,, . Thus, experimental messurement of the
critical debond prestura can be relsted 10 ¥, once the mechanical properties of the fim have been
sccursiely determined. .
Under certain conditions, equation (3) recucas 0 special cases which have been previously
reported in the Rerature, For example, in the case of & clamped dircular plate with zer rasidual stress
undergoing small deflecions, (C4 = ¢4 = 0) the peel criterion {rom equation (3) is:

Vo= 0500, “

1R,V LI L TR e .
¢ ﬂkﬁmﬂ’f&’.ﬁ_'\x.fl Wa W W WA TR s et




WO T DWW W e WY T WY W T TW Y

Table 1, Geometric constants for adhesion mode!

SQUARE CLAMPED CIR- CIRCULAR
MEMBRANE | CULAR PLATE | MEMBRANE
K, 1BEL/d 277EU 3S6E1/a’
K, 0 sesE’at 0
ky 204t/ 0? ag /et 41G,/a2
c, 0420E1 242E1 0917 EL
e 0 suE’ .0
¢, 188t q sgtq, 2881q,
A 1624/ x2 ‘dexa dana
da/dA s 12%s 1/2%a

where d_ Is the critical center deflection at which debond inltistes: this rlation has been obtained by . -
‘Wiame [11). Akematively, for the case of a ciftular membrane undergoing Large deflections with zero
mumu(a,-e,-mmwmmm(sm

Ya = 08258y )

Gent [12] has aiso analyzed this case assuming a siightly ditfersnt load-Ceflection profile and has
obtained & vaiue of 0.85 for the premultiplying factor in equation (5),

: For square tast sltes under resicual stress such as the suspended membranes, the relation
bom.nnuumau'mwumuc at which debond inltistes is given by:

¥, = S.TOR (d/2)* + 4.940,t (4212 (®

The reistion between 7, and p, can be oblained by simuktaneous solution of equations (1) and (6).”
Mdﬂnmmofy from a messurement of ekther p,, or d,. during peel.

The upper EmR of 7, which can be Mmeasured using this technique is Imited by the tensile
strangth of the fim (this effect is common in many standard adhesion tests; for exampie. the 90° peel
test is ais0 tenslie-strength Omited). it was determined that membranes fabricated by .he standard

- process and cure schecule could not be pesied; fiims aways rupturod boloro biisters were lormed.
For these samples, & lower bound for Y, was caicutated by using the pressure at which the tilm
fuptured &8 the p,, valus for the square membrane. .

in order 10 cbserve biisier nucieation, & was 1o degrade the adhesion of the
vaoﬁhm.msmmwmwuuduh C H,0 for varying lengths of time.
Tabie Il gives a summary of the adhesion data obtained from the suspended membranes. Sample 1
was not subjected 10 any degredative processing and before biister nucieation; & lower bound
for 7, was caicuisied from equation (6} to be 360 . As expected, adhesive strength generaily
decrsased with Increas.4 immersion time (samples 2-8) athough this effect was not investigated
quantitatively. Upon drying, an increase in adhesive sirength was observed (samples 2,3).
Agreement betwesn the PV method and equation (8) was observed to be within 50% axcept for

b sample 4, which showed significant plastic deformation, invalidating the PV analysis. Equation (6)
uses only one data point io calcuiste ¥,, while the PV method is averaged over the entire water. This
may accourt for differsnces (n the two spproaches. Furthermore, equation (8) implicilly assumes an
Incrementally symmetric peel, which Is not strictly correct for the square membrane. Howevar, as peel
of the square membrane continues, a circular biister Is formed, allowing application of the appropriate
form of equation (3). These delais are presenily under study.

Adhesion Msasurements - isisnd Structures

The suspencad membrane bilster test, ike other peel lests, Is limited by the tensile
strength of the fim. One way 10 overcome ihis problem is 10 use thicker fiims [13]. In the blister test.
we have additional flexidilty. Diiferent geometries for the microfabricated site are possidle which can
faciitate pesl of thinner 1kms even In systems with very good adhesion.

Equation (3) suggests that ¥ a geometry can be found In which da/dA can be increased,
larger values of Y, May be measured at the same load. For simple biisters, this derivative is inversely
proportional 1o the membrane size (Table i). Decreasing the membrane size faits since the deflection
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Table il. Adhesion data

o| Sample | Eqvioomental | \rginia method | Y wm2)
1] &8 tdeter «
e fone Equstion (6) »360
2{ Saosmer | 18M MO0 - -
peed 1.8x10
180, H0 0% 3
+ v, dy80°C Equation (8) 4.4210
PV 2410
3( esideser | 20N H000°C
ote ocu.dr;a'c eV 20
Equation (§) 3.1
1 ()
14 :WW 8. Hyo00'c PV 1200 ()
Equation (6) 320
§1 10010 baser 148w 1o R’ Equation (6) .
o Lo beer {148 n,00° Equevon (%) a

) Exensive piastic deformaetion cbserved

4 will giso decrease. This probiem Is overcome in the island structure shown in Figurs 3, where the
polymer fim will be peeled only off the center istand. The defleciion A is a tunction ol the difference 3,
- &y, whers 23, is the characterisiic size (edge length or dismeten) of the entire suspended membrane,
while 22, is the characteristic size of the island. Howsver, the derivalve da/dA s proportional only 10
1/.,.Mawmmmumwmml,mmaz-a, iarge.

Although the critical pressure analysis for the isiand structures s considerably more
compiicated than for the simple biisters, an approximate relation between p., and ¥, based on a circular
geamaetry can be deveioped. For @8 membrane whose load-donoaloncbohnvior Is dominated by
resicual tenslle stress and which is suspended over a circular annuius of inner radius a, and outer
racus &, , Y, I8 reisted 1o p. by:

po2alp 82.1 ]z

Y™
k -1\ ne

M

whare 8 I8 defined e the annuiar ratio &, / a,. Although approximate, It i3 instructive 1o examine the
miting behavior of equation (7). As 8 approaches unity, ¥, 3pproaches zero (since no fim s exposed,
no adhesion can be messured even at Inifinile pressure), while as 8 approaches infinily, v, gels large
for any pressure p. Thus, I s theorstically possidie 1o measure large 7, values at pressures less than
the ultimate tensiie stress of the fim by making the center isiand sulficiently sma.

Concentric square lsiand structures have been fabricated with an outer size (2a,) of 10 mm
and inner size (2a,) of 1 and 2 mm. Smalier a, values can be oblained by understching the fimon a 1
mm igland untll only 0.25 mm or even 0.125 mm sections of the fiim remain adhered 1o the center
Jsiand (Figure 3b). Peel has been achieved using these undereiched structures. Atthough
finlte~slement analysis of the square istand structure will be required (o generate accurate values of v,
from observed debond pressures, order of magnitude values of Y, can be oblained from eqution .
Preliminary experiments Indicste that such values are In the range of 1000-3000 JmZ, in tair
agreement with valuss oblained from application of the peei test to thicker films {13).
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< Conclusions
'
3 Microfabricated test structures for the In-sity measurement of adhesion of thin tiims have
been described. Young's modulus and residual tensile stress are determined from pre-peel
3 measurement of the ioad-deflection behavior of suspended membranes. On systems of weak
" achesion, 8 biister test using suspended membranes has been carried out. For systems of good
: adhesion, an island test ‘structure has been developed allowing even thin films 10 be tested.
K Mechanical models for all three structures are described.
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