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Abstract

 for the material properties relevant to Kybrid micromachined
system apphcaaom The zharacterisd:.r of interest at this time include the general mechanical properties of the
thin film, residual stress and plane strain modulus, as well s the property, pi

characteristics of interest are evaluated for compo.wte ﬁlm.t with a graphite loading range of approximately 15 to
25 percent using an in itk method of measurements. The results
show that the residual stress remains constans and the plane strain modulus rises with increasing graphite loading.

An 18% graphite loading yielded the maximum piezoresistive coefficient of 16.8%.
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Introduction

The advamages of polyumde films for use in

has been well

documented. Polylmldes have proven useful in

hybnd mlcroeleclromc lechnolo'y as bolh .
and

characterize organic fillers including graphite, but
for other than

systems.

The purpose of ous research is to characterize
lyimide thin film ites for the
material properties relevant to microsensor and
actuator systems applications. The characteristics
of mlcrest at this time include the general
ies of the thin film, residual

module material due to their superior i i
properties and low relative permittivity.
Polyimides are also used extensively as
planarization materials in the fabrication of
d circuits. Conductive metal-filled
polyimides have been widely studied for
apphcauons mcludmg d:e attach, thermistors,
ti-static devices,

mwmdd\eplmemmmodnlm.uweﬂuthe
d property, pi Many

hai have been d for
the mechanical properties of thin films. These
technigues include the common substrate corvature
technique as well as many others which utilize
micromachining technology. Those utilizing

pressure and chemical sensors as well as
mhunmswmbmhlmuﬂwmmmu
can be realized over coaventional metallic
components. A large number of conductive fillers

y a0 movabl 1712}, and

have been characterized for these
including predominantly metallic fillers such as
salts of silver, gold, pdhdlnm. cobalt, lanthanide

testing of beams {13-15]
and 116-20]. 1 of
has the

of (1) si

measurement of the residual stress and the plane

mainmodﬂmmd&)beingindqmdemofm
index of ) being

and copper [e.g. 1-6]. Alth i
and useful
characteristics, the majority were not compatible

insensitive (o the surface mx;hnus The second
and third ldvmugec are enenthl for the

with methods of
processing (c.g. plasma etching for pattern
definition) needed for micromachined device
fabrication. Studies have also been performed to

doe to the physlnl nature of the mspendcd
composite material. In the following sections, the
mtmﬂpvopenmmdgammedm;min_nm




of load, ion, and
The material jes of the i
films are evaluated for 2 graphite loading range of
15 to 25 percent,

Experimentat

The il imide material is
of i graphite from
Johnson Matihey Electronics and DuPont P1-2555
polymide (a BTDA/ODA-MPDA formulation). The

is formed by i ing various wen;hl
percentages (loadings) of the graphite particles into
the polyimide. "The materials are mixed using a ball
mill rotating at 4-5 rpm for a period of at least 72
hours to insure homogeneity of the mixed
ite solution. The ition of the films
are based upon the weight percentages of the two
constituents in the cured film. The weight of the
polyimide is calculated using the average percent
solids of the polyimide solution.

To characterize the composite material,
load/deflection test are performed using long
rectangular membranes of the thin films (thickness:
12 - 15 um) which are fabricated on silicon

The of the
graphne-x'uled polylmlde are realized usmg

In the i

process, two inch <100> silicon wafers are
anisotropically etched in a 20 wi% potassium
hydroxide solution heated 10 56°C using SiO7 as an
eich mask [21], Figure la. A 3 - 5 pm thick.
heavily boron doped (>1020 / cm3) lyer is used as
an eich stop layer [16] on the polished side to
produce a silicon membrane, Figure 1b. After the
silicon etch is complele lhe silicon dloxldc is

of an

layer of PECVD S|3N4 The Si3N4 isolates the
overlying composite material from the underlying
heavily doped p* boron region. A thin film of
composite material is applied over the Si3N4 using
a multicoat procedure, Figure 1c. A single coat of
the multicoat procedure consists of a 3000 rpm, 30
second spin cycle followed by a 15 minute soft bake
at 150 °C. The multicoat film is then fully cured
at 400 ©C for 1.0 hours in a conventional oven.
The p* etch stop layer and Si3Ng thin films are
removed from the membrane regions by exposing
the unpolished side of the wafer 10 295% CF4 /5%
02 plasma, resulting in the finished composite
membrane. At this point, the mechanical properties
{Young's modulus and residual stress) can be

ined from the behavior of the
membrane.

In order to determine the piezoresistive
coefficient, the fabrication process for the
must be 10 ing the film

and positing ¢l for i
The film is into a 32 mm
wide strip using a 100 % O2 plasma and sputtered
aluminum as the eich mask. The electrodes are then
patterned in the aluminum etch mask as the final
step in the membrane fabrication process, Figure

id.

Figure 1.
rectangular membranes of composite

Fabrication process for the

material. The membranes are used to
determine the material characteristics by
load/deflection techniques.

‘The characterization of the thin films is
carried out using a material characterization station
which allows tight control of the load applied to the
membrane. The station operates by using dual
vacuum lines. Vacoum 1 is used to seal an adaptor




Mechanical ‘Properties

In this work, the mechanical characteristics
are determined by an unlymofmelo:d/deﬂecmn
behavuor of a membrane using an anergy

[22), but i
account for the presence of residual tensile suess
116-20) and rectangular dimensions. This
leads to the following relationship between applied
pressure and lateral deflection:

2
4E 4
= 20,* T (T) ®

where P is the applied pressure, E is the Young's
modutus of the film, S is the residual stress in the
film, v is Poisson's ratio of the film, 2a is the
membrane width, t is the film thickness, and d is
the membrane deflection at its center. By plotting
load/deflection data in accordance with equation (1),
the residual stress can be extracted from the y-
intercept and plane strain modulus (E / (1-v2) can
be extracted from the slope. Typical load/deflection
characteristics are shown in Figure 2.

The mechanical characteristics can be

in Figure 3 is due to the difficulty in measuring
small deflections using our material characterization
station,

The experimentally determined residual stress
andplmemunmoddmfornvmayofﬁlm

from

performed on three membranes from each graphite
loading percentage. The error is given as the
sumhrd devuuon of the threc samples.

fests were at26°Cwitha
relauvehumuduynfs.'»% " As can be seen in Table
1, the residual stress of the thin film is not
significantly affected by the percentage of graphite
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Figure 2. Typical load/deflection

characteristics for the graphite/polyimide
composite material. The membrane was
30 mm long, S mm wide, and bad a
thickness range of 12 to IS um.
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Figure 3. Load/deflection data plotted in

accordamce with equatior 1 for the
graphite/polyimide composite films. The
residual stress can be determined from the
y-intercept and the plame strain modulus
from the slope.

loading for the range of interest, 15% to 25%. This
result indicates that the BTDA-ODA/MPDA
dominates the residual stress characteristic.
However, the plane strain modulus of the films does




Table 1. Experimentally determined
residual stress amnd plane strain modulas
for the composite msterial. The graphite
loading range of the composite is 15% -
28

% Residoal Stress | Plane Strain
Graphite (MPa) Modulus (MPa)

15 350+02 41404

18 352104 49103

20 339103 54104

23 46112 63106

25 349107 67104

show a dependence on the amount of graphite
loading. As the amount of graphite increases in the
composite, the plane strain modulus of the material
also increases. Thlstemhuexpecwdbasedonme
fact that the graphite particles characteristically have
a much higher Young's modulus than the polymer.

Piezoresistive Coefficient

The yiezoresistive characteristics are

which the across the
momwted asa funcnon of denecuon Using |he

(G2

where: &) = (a+ ¢)2
az=4(2a+c)/3a
aj=Llt 2a+c)+chbt+2abt
og=4bt/3a

Therefore, the a's are constants dependent on the
di ions of the and the

spacing, defined in Figure 1d. Using
this mode! for R(d), the piezoresistive coefficient
(A) can be determined from the slope of an
appropriate plot of equation (3), [@1po + 03Rd]
versus (@20 + 04Rd) a2,

coefﬁcwm is perhaps property
of lhe maunal with respect to mlmmachlmng
A typical curve
is shown m Fi;ure 4. The cum illustrates the
of th on the
deﬂecnm(upmdlcledbyequms) From this
data, the piezoelectric coefficient as defined in
equation (2) can be determined.

5
-

relationship, conpled with the model p
below, the piezoresistive coefficient can be
obtained. It is assumed that the resistivity of the
composite material has the form:

p=p,(1+1e) @

where Po is the :esistivily of the unmin;d

pmuuuvecne!ﬁmem.mdcuﬂnmmﬁud
by the of the
mwwmﬂndwuwumbenwdehdua
combination of scries and paralle] resistors. Using
this model, the total resistance as a function of
deflection has the form:

Resistance (Kohms)

&
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00 0
Deflection (um)

Figure 4. Typical experimental data for
the resistance change whem applying a
load to the membranme, showing the

drati the on

the deflection,

The final results obtained for the composite
film for a graphite loading range of 15 - 25% is
shown in Figure 5. As can be seen, the maximum
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Figure 5. Piezoresistive coefficient of

the graphite/polyimide composite
material. The maximum piezoresistive
coefficient is obtained for a loading of
18% graphite and tails off for loading
percentages above and below the 18%
value,

piezoresistive coefficient is obtained for a graphite
loading of 18%. The obtained piezoresistive
coefficients are quite large. For example, selecting
a typical strain of 1% in a composite thin film with
18% graphite loading will induce a 16.8% change in
total resistivity.

The composite is believed to exhibit the
piezoresistive effect based upon the fact that
conductive graphite particles are suspended in an
insulating polyimide material and the proximity of
the conductive particles to one another can be varied
by inducing a strain on the material. The action of
varying the proximity of the conductive particles
results in fluctuations in the resistivity of the
strained film.

‘The piczoresistive coefficient tails off for
loading percentages shove and below the optimum
value as the material becomes increasingly
insulative or conductive. This can once again be
amtlnedwﬂwchmpmpmmulyofmghbmng
conductive particles. In locdmg yucenluu
the value, the of neig!

les by i ln'zu'
Therefore, the change in proximity as a result of
induced strain on the material is smali resulting in
small changes in the resistivity of the film. For
loading percentages greater than the optimum value,

the number of nearest neighbors increases to the
point where the proximity is uneffected by the
strain on the material.

Conclusion

A new plasma processable componu
material has been introduced for use in microsensor
applications. Amodelhubeen::mmdkrme

characteristics for the thin films of material with

for a range of 15 - 25% nnn| lmdldeﬂecnm
wechmqnes. The results the residual
stress is uneffected by vmltiom in .uphite
lmd:n;‘whﬂeme‘!onnunloduﬂum

ive coefficient
hasbeenl‘oundmbenmlmnumnm%snpmw
loading. Using the characteristics obtained,
microsensor or actuator designs utilizing the
piczoresistive property of the graphite-filled

imi ite can be optimized.
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