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Abstract

A series of Parylene C film/silicon substrate bilayer microcantilever beams were fabricated by
microelectromechanical processes for the study of residual stresses. The Parylene C films of

2 um thickness were deposited on the Si substrates with various thicknesses. After deposition
at room temperature, deflection of the beam was observed with deposited Parylene C on the
concave side. While Parylene C has a higher coefficient of thermal expansion than Si, this
deflection is believed to result from the thermal mismatch between Parylene C and Si, and the
temperature of monomer gas (which is formed at 690 °C) flowing across the sample could be
higher than 25 °C. It is estimated to be 73 °C based on the fitting of the curvature versus
substrate thickness relation between the measurements and analytical solutions. In this case,
Parylene C films are subjected to tension. In addition, the residual stress in the Parlyene C film

decreases with decreasing substrate thickness.

(Some figures may appear in colour only in the online journal)

1. Introduction

Microcantilever beams have been integrated into micro-
systems and have demonstrated a wide range of novel physical,
chemical and biological applications [1-3]. Therefore, the
microcantilevers have attracted much attention in research
and industrial sectors in the past few decades [4-8]. Owing
to the low cost, low driving power and large deflection,
microcantilevers have been applied in microprobes, optical
switch and infrared gas spectrometers [9-11]. However,
the majority of these cantilevers are fabricated by surface
micromachining techniques which, in turn, result in a residual
stress gradient in the system [12]. These residual stresses could
be attributed to thermal mismatch between the film and the
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substrate [13, 14], defects in the film (impurities, dislocations,
grain boundaries and voids) during film deposition [15-17],
lattice mismatch between two crystalline materials [18]
and/or the surface stresses in the film [19]. As a result,
the measurement of residual stresses has become an intrigue
topic. In order to characterize the complicated stress issues in
different industrial systems, several methods, such as a bilayer
cantilever [20, 21], displacements of various microstructures
[22, 23], buckling lengths and radius [24, 25], resonance
frequency [26] and pull-in voltages [27] have been developed.
Among these methods, the method of bilayer cantilever is most
widely used to measure residual stresses in a thin film because
of its ease in analysis.

Poly(p-xylylene) (Parylene) and its derivatives are inert,
non-degradable and biocompatible materials with superior
physical and mechanical properties [28, 29], and hence

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematics showing () a pristine Si wafer, (b) Si3N4 deposited on both sides of the Si wafer as passive layers, (¢) FH 6400
positive photoresist coated on the backside for further lithography, (d) etching of Si;N4 and Si by RIE and KOH wet etching, respectively,
(e) removal of the Si;N, passive layer by RIE etching, (f) transfer of the microcantilever beam patterns on the top side and deep etching of
Si, and (g) deposition of Parylene C monomers on the composite wafer system.

they have been extensively used in medical devices for
coating implantable components [30] and in electrical devices
as an insulating and bonding material [31, 32]. Among
them, poly-(monochloro-p-xylylene) (Parylene C) has a lower
process temperature as well as compatibility with the standard
microfabrication process [29]. Thus, it has become a potential
candidate for the application of medical devices. Nevertheless,
the adhesion force between Parylene C and the silicon substrate
is weak, and the residual stresses could cause device failure.
For this reason, the measurement of the residual stresses in
the Parylene C/silicon bilayer cantilever system to provide
parameters for the device design is crucial. The analysis of
residual stresses in a bilayer system was first studied by Stoney
[33] by considering a thin film with a negligible thickness on
a thick substrate. This analysis was subsequently improved by
many others by considering a finite thickness of the film and
extending to the multilayer system [34-37].

On the other hand, methods other than the microcantilever
beam were performed to measure the intrinsic stress of the
Parylene C film [38—41]. Using the load-deflection tests, Yang
et al [38] found the Young modulus and residual stress of the
Parylene C layer to be 4.48 GPa and 20.88 MPa, respectively.

Harder et al [39] studied the residual stress in the Parylene C
film based on the load-deflection method and rotating tip strain
gages. They found that 90% of the residual stress was attributed
to the thermal stress in the Parylene C film. Furthermore, Shih
et al [40] studied the yield strength of Parylene C film using
the load-deflection tests with the balloon model. Hsu et al [41]
proposed the chemical vapor deposition (CVD) method to coat
the Parylene C thin film on the silicon wafer and evaluated the
residual stress on a thin film by using the wafer bow method
with the modified Stoney equation.

An exact analytical solution to relate the residual stress
distribution to the curvature of an elastic bilayer system has
been derived previously [42]. Based on this previous study,
a Parylene C/silicon bilayer system has been constructed in
this study to measure the bending curvature and calculate the
residual stresses.

2. Experimental details

Figure 1 shows the schematic drawings of the processes to
fabricate microcantilever beams. The starting materials were
4 inch, p-type double-side polished silicon wafers with (1 0 0)
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Figure 2. (a) SEM and (b) OM graphs of 21 um thickness Si beam before Parylene C deposition. (c¢) SEM and (d) OM graphs of 27 um

thickness Si beam after Parylene C deposition.

orientation and 525 um thickness. The Si wafer is shown in
figure 1(a). After sulfuric acid pre-cleaning, 500 nm thick
low stress silicon nitride (Si3Ny) films were deposited on both
sides of the Si wafer in a low-pressure CVD system by using
a gas mixture of SiH,Cl, and NH; at 850 °C (see figure 1(b)).
Afterwards, FH 6400 positive photoresist was coated on
the backside (see figure 1(c)) and rectangular patterns were
transferred using lithography. In order to fabricate a series of
silicon substrates, we applied the reactive ion etching (RIE)
method to etch SizNy layer in SF¢/CHF3 gas mixture and wet
etched silicon in 45% KOH aqueous solution at 85 °C until the
expected etching endpoint was reached (see figure 1(d)). Then,
the RIE method was re-applied to remove the SizN, passive
layer on the front side as shown in figure 1(e), and a double
alignment exposure was used to transfer microcantilever beam
patterns on Si substrates precisely (see figure 1(f)). For
the purpose of manufacturing thicker microcantilever beams,
structures were formed by inductively coupled plasma deep
etching technology.

In order to prevent covering of Parylene C on all surfaces
of the Si wafer, the backside of the patterned Si wafer was
attached to another wafer of the same size. Then, a thickness
of 2 um Parylene C polymer thin film was deposited onto the
composite wafer system as shown in figure 1(g). In this case,
Parylene C dimer powders were loaded in a vacuum chamber
and vaporized at 150 °C, and decomposed into chloro-p-xylene
monomer at 690 °C. The gas monomers were then polymerized
and deposited on the surface of structures at room temperature
to form a continuous polymer thin film. Finally, two silicon

wafers were separated. The wafer with microcantilever beam
structures was obtained.

The thicknesses of both silicon beams and Parylene C
film were measured by a-step surface profiler (Dektak 150,
Veeco, USA). The deflections of microcantilever beams were
measured by an interferometer (WYKO NT1100, Veeco, USA)
under vertical scanning interferometry mode before and after
Parylene C deposition. In addition, optical images as well as
scanning electron micrographs were observed before and after
Parylene C film deposition.

3. Results and discussion

The silicon microcantilever beams of various thicknesses
between 15 and 45 um were fabricated. The typical optical and
SEM images of 21 and 27 um thickness beams before and after
Parylene C deposition are shown in figures 2(a)—(d). Narrower
beams revealed uneven lateral etching rate along its length;
thus the width at the root of beams is slightly wider than that
at the end. During Parylene C deposition, the Parylene C film
would cover the entire structure. As a result, a native Si wafer
attached to the backside of the patterned wafer is required.
After CVD of the Parylene C thin film, the native wafer was
separated from the patterned one. Then, the Parylene C film
of 2 um thickness was formed uniformly on the structures
without pinholes.

It is difficult to observe the difference in beam curvatures
before and after Parylene C deposition using an optical
microscope and SEM due to the high strength of single-
crystal silicon. Hence, we applied the WYKO interferometer
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Table 1. Radii of curvature r4 and rp of beam before and after Parylene C deposition. r is the effective radius of curvature. The error is

indicated by the value after 4.

hy(mm)  1/ry (mm~") 1/rg (mm™1) 1/r (mm™1) AT (°C)
15 193 x 1073 £ 2.63 x 1075 —1.62 x 107* £ 1.31 x 107 2.10 x 1073 £ 2.77 x 1073 48.98
19 1.09 x 1073 £ 143 x 1073 —1.65 x 107* £ 6.06 x 1077 126 x 1073 £ 1.49 x 1073 48.18
24 546 x 107 £ 1.70 x 107> —1.68 x 107* £+ 6.30 x 1077  7.14 x 107* + 1.76 x 107 44.33
27 418 x 1074 £5.19 x 107> —1.69 x 107* &+ 1.85 x 107® 588 x 107* &£ 537 x 1073 46.56
45 133 x 107° £ 439 x 1077 —1.69 x 107* £ 2.14 x 107® 1.83 x 107* £ 2.58 x 107®  41.26
T T T
Z
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Figure 3. Deflection curves of the Si beam with thickness of 27 um
before and after Parylene C deposition.

Table 2. Young modulus, Poisson’s ratio and coefficient of thermal
expansion of silicon and Parylene C [31, 43].

Materials E(GPa) v a (1076°C1
Si 180 025 2.6
Parylene C 3.2 0.4 35

to investigate the variation of beam curvatures resulting from
film deposition. The deflections along the length of the beam
of 27 um thickness before and after Parylene C film deposition
are shown in figure 3. The change of deflection was observed
with the deposited Parylene C film on the concave side;
however, this side was convex before film deposition. Both
the curvature and the standard deviation were obtained, and
each datum listed in table 1 was averaged over three beams.
Using these deflections and mechanical properties of Si and
Parylene C listed in table 2 [31, 43], the residual stresses in
microcantilevers could be analyzed using Hsueh and Lee’s
solution [42].

The system considered in this study is schematically
shown in figure 4. The general solutions of elastic bilayer
arising from bending curvature are expressed in the following
[42]. The stresses in the substrate, oy, and in the film, o7, are

o, =B for —h; <z<0 (1a)

of = Bf(g — AE,() for —0<z< hf7 (10)

where the biaxial modulus is equal to E/(1—v) and E and v
are the Young modulus and the Poisson ratio, respectively. The

total strain, &, can be decomposed into the uniform strain, c,
and the bending strain components, such that

f=cy i )
r

where z is the coordinate axis normal to the film/substrate
plane, and z = t, is the location of the bending axis
corresponding to zero bending strain. Note that the second
term on the right-hand side of equation (2) denotes the
bending strain component. The solutions subjected to the force
equilibrium and moment equilibrium conditions are

Bf/’lfAé‘

=_J77" 3
¢ thf + B,hy )
2 2
. B/ + B "
2(Bsh; + Byhy)
1 6B Bshhs(hg + h,)Ae

* B+ B2+ 2BByhighy (207 + 202 + 3hsh,

Equation (5) can be used to calculate the mismatch strain if
the radius of curvature, biaxial moduli and thicknesses of the
films and substrates are given. The curvature is assigned to
be positive when the film surface is convex. The average film
stress is defined by

1 hy

of = — af dz. (6)

hy Jo
Using equations (2)—(5) and substituting equation (15) into
equation (6), the average film stress is
—ByByhy (B + BJh ) Ae

O'f:

G
B2k + B2 + 2B/Bhyh, (2h§, +on2 + 3hfhs)
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AT=48.12°C
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Figure 5. Effective curvature of the Si beam as a function of Si
substrate thickness where the symbols are experimental data listed
in table 1.

When the film thickness is very thin, equation (7) is reduced
to Stoney’s equation [33]
B,h?

B 6hf}”.
Note that the sign of curvature in equation (8) is opposite to
that in [38]. Considering the presence of the initial curvature
of the cantilever before film deposition, the effective curvature
1/r induced by the film deposition process and the mismatch
between the film and substrate is 1/r = 1/rs—1/rp, where
1/r4 and 1/rp are the curvatures of microcantilever after and
before film deposition, respectively. The effective curvature is
used in equation (5) to calculate the residual stresses. From the
data shown in table 1, the effective curvatures 1/r are obtained
and re-plotted in figure 5. It shows that the curvature change
decreases with the increasing thickness of the Si beam. Then
the mismatch strain A¢ and total strain € can be calculated form
equations (5) and (2), respectively. While the polymer film is
amorphous [44], the lattice mismatch between the film and
the substrate is not expected. However, although Parylene C
deposition was performed in the chamber at room temperature,
25 °C, the monomer is formed at 690 °C and the temperature of
the monomer gas flowing across the sample is expected to be
higher than room temperature. Assuming no phase transition
for Parylene C near room temperature, the curvature change is
attributed to thermal mismatch which can be calculated using
equation (5) with Ae replaced by (ay — o) AT, such that
[14, 45]

1 _ 6Bfol’lfhs(/’lS +/’l,,)(06f —le)AT (9)
"B+ B+ 2B Bghy (20 + 282 4 3hsh)

®)

Ot

where « is the coefficient of thermal expansion (CTE); AT
is temperature difference between the deposition temperature
and 25 °C. Because all the samples were obtained from
the same batch in the deposition chamber, the deposition
temperature was expected to be the same for the substrate
of different thicknesses. Thus the solid line in figure 5 was
obtained using the best curve fitting to obtain the same

Stress (MPa)

. 1 . 1 . 1 . 1 . 1
-50 -40 -30 -20 -10 0

Z position (um)

L b 1

8.26 - -

825 T

824 L 4

8.23 -

Stress (MPa)

g2l i
821 | s i

8.20 - —

819 | 1 L 1 L 1 L 1 L 1 .
0.0 0.5 1.0 1.5 2.0

Z position (um)

Figure 6. Residual stress distributions in (a) the Si substrate and (b)
Parylene C film, respectively.

deposition temperature for different substrate thicknesses.
Therefore, AT can be evaluated by fitting equation (9) to
the experimental data for different substrate thicknesses in
figure 5. As shown in figure 5, when AT = 48 °C (i.e. T =
73 °C) is adopted in equation (9), good fitting is obtained.
Using equations (1a) and (10), the predicted stress distributions
are plotted in figures 6(a) and (b). The stress is linear through
the thickness in each layer and discontinuous at the interface
between Si and Parylene C. In addition, the stress gradient in
the film is different from that in the substrate due to the different
elastic constants. Note that the value of stress is positive when
tensile and negative when compressive. Thus, the Parylene C
film is subjected to tension, while the Si substrate is subjected
to combination of tension and compression. However, a net
negative force exists in the Si layer which results from its
lower CTE. It is also observed that the tensile residual stresses
in the Parlyene C film decreases with decreasing substrate
thickness. This is reasonable because the stress magnitude in
the film increases with decreasing ratio of film thickness to
substrate thickness. In all cases, the residual stress in Parylene
C coating is of the order of MPa. Hence, measurements of
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Table 3. Residual stresses and positions of neutral axes.

14y83

to(mm) 4/t 6f (MPa) oy (MPa) 5= £, (um) £, (m)
15 0.13 8.21 9.30 0882 —747 -9.67
19 0.11 823 9.10 0905 —9.48 —12.36
24 0.08 8.25 8.94 0923 —11.98 —16.01
27 0.07 825 8.86 0931 —1348 —17.83
45 0.04 8.27 8.64 0957 -22.48 —30.88
-5 T T T T T T T T T T T T T
-10 .
15 | .
€ bending axis
=
c -20 . 4
2 neutral axis
‘D
8
N .
-30 .
-35 1 1 1 1 1 1 1 1 1 1 1 1 1

15 20 25 30 35 40 45
Substrate thickness (um)

Figure 7. Positions of neutral and bending axes as functions of the
substrate thickness for film thickness of 2 pm.

deflection can be used to characterize the residual stress in
coatings that have a low stress level.

The average residual film stresses were calculated using
equations (1) and (8), respectively, and listed in table 3. Results
obtained from Stoney’s equation are always greater than the
values calculated by equation (1) and can be corrected by
the factor (1 4+ y8%)/(1 + 8). Here, y designates the ratio of
film biaxial modulus to substrate biaxial modulus and & is
the ratio of film thickness to substrate thickness. It can be
seen from table 3 that the correction factor is unity when film
thickness is infinitesimal, and the correction factor increases
with decreasing t/t, values. The residual stress of 8.2 MPa
of the Parylene C film in this study is lower than 20.8 MPa
obtained by Yang et al [38]. They found that squeegee coating
technique produced a more uniform Parylene C film than spin
coating ones. Harder et al [39] measured the residual stress
increasing from 33.8 to 44.4 MPa with increasing annealing
temperature in the range from 140 to 180 °C. Their stress
values are also greater than ours because of the process
temperature in this study at 73 °C. Hsu et al [41] observed
the residual stress of as chemical-deposited Parylene C film of
1.56 MPa. After annealing at 150 °C for 20 min, their tensile
stress increases (<15 MPa) that covers our residual stress
value. The positions of bending axis, #;,, and neutral axis, #,,
are located in the Si substrate and plotted in figure 7. The
bending axis and the neutral axis are located, respectively, at

about half the substrate thickness and two-third the substrate
thickness underneath the film/substrate interface.

It should be noted that only coating of Parylene C film on
the front side of the silicon wafer was considered in the above
analysis. The issue of coating of Parylene C on the sidewalls
and backside of cantilever beam is worth addressing because of
the characteristics of conformal coating of Parylene C, which
is known to deposit into small gaps with high aspect ratios.
Using Scanning Auger Nanoprobe and SEM, Parylene C was
verified to appear on both sidewalls and backside of the wafer.
Because the front side of cantilever beams was faced to the
reactant gases, Parylene C on sidewalls was expected to be
symmetric on the two sides. Even if the Parylene C coated on
sidewalls is not symmetric, the direction of the corresponding
deflection is normal to that from Parylene C coating on the
front side and does not affect residual stress analysis from
the bending curvature. On the other hand, although Parylene
C could coat the backside of the wafer, it is reasonable to
assume that its thickness is limited by the gap between the two
wafers. With the rigid contact between two wafers, the gap is
determined by the surface roughness of the wafer. While the
surface roughness of wafer was measured to be 5.4 nm, the
Parylene C film deposited on the backside is expected to be
less than 10. 8 nm that is much smaller than 2 um thickness
of Parylene C deposited on the front side. Thus, the effect of
film coating on the backside could be neglected in our case.
In addition, if the coating thickness on the backside could
be measured and could not be ignored, the model developed
in [42] still could be applied because it was derived for a
multilayer system.

4. Conclusions

The residual stresses in the Parylene C film and Si
substrate bilayer system measured by the microcantilever
method were investigated. Parylene C films of 2 um thickness
were deposited on Si beams with various thicknesses in the
range from 15 to 45 um. SEM images showed an ideal pinhole-
free film on the top of beams. The change of deflection is
observed with Parylene C on the concave side after deposition
that results from a higher thermal expansion coefficient of
Parylene C than Si. Although Parylene C deposition was
performed in the chamber at room temperature, 25 °C, the
temperature of monomer gas flowing across the sample could
be higher than 25 °C and it is estimated to be 73 °C based on
the fitting of the curvature versus substrate thickness relation
between the measurements and analytical solutions. The stress
is linear through the thickness in each layer and discontinuous
at the interface. Parylene C is subjected to tension and
the Si substrate is subjected to the combination of tension
and compression. The correction factor (1 + y8%)/(1+ 68)
increases with decreasing of ¢ /t, values.
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