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Abstract - SU-8 is a negative epoxy based 

photoresist, which is widely used as a structural 

and dielectric layer in the fabrication of MEMS 

devices.  However this material normally develops 

high levels of stress during processing.  This paper 

reports detailed quantitative data following 

previous work, where Parylene-C has been 

proposed as a possible replacement for SU-8.  In 

particular, this paper details the characterisation 

of residual stress in (i) SU-8 films as a function of 

processing temperatures and (ii) post-processing 

thermal treatment of Parylene-C.  This 

characterisation includes wafer mapping strain 

using rotating pointer arm test structures, and 

deriving the stress from independent 

measurements of strain and Young’s modulus. 

I.  INTRODUCTION 

SU-8 has a wide range of applications as a 

structural and dielectric layer in MEMS devices [1].  

However, intrinsic problems with mechanical stress 

resulting from shrinkage during the cross linking 

process [1-3], can often affect the reliability and the 

total yield of the fabricated devices.  For this reason, 

it is important to be able to characterise the stress in 

this material, at various processing conditions, as well 

as identifying any possible candidate materials to 

replace SU-8. 

  One possible replacement is Parylene-C, which 

is a polymer material that is widely used as a 

protective coating on printed circuit boards (PCB) 

[4].  This material can be conformally deposited from 

vapour phase at room temperature, and acts as a 

dielectric with outstanding barrier and mechanical 

properties, as a result of inherent low stress 

deposition [5].  In previous work [6], it has been 

demonstrated that Parylene can be successfully used 

instead of SU-8 as the inter-coil dielectric in an 

integrated micro-inductor process. 

This paper reports on the characterisation of the 

residual stress in SU-8 and Parylene-C films as a 

result of process parameter variation.  The 

measurements include the spatial variation of strain, 

mapped over the surface of 3 inch wafers.  This 

involves measuring an array of 720 micro-fabricated 

rotating pointer arm test structures.  Stress is derived 

from independent measurements of strain and 

Young’s modulus [7]. 

In addition, test structure have been designed to 

provide quantitative information from a peel test to 

characterise the adhesion force of Parylene and SU-8, 

to a number of materials commonly used in MEMS 

processing.  

II. TEST STRUCTURE DESIGN 

The mechanical test structures used in this study 

consist of a rotating pointer arm structure, and two 

lateral expansion arms.  The expansion arms are 

offset at the point where they connect to the pointer 

arm.  Thus, expansion or contraction in these arms 

results in rotation of the pointer arm in the plane of 

the layer.  Figure 1 shows a schematic of the test 

structure, which has been reported previously [1].  In 

this design clockwise rotation indicates a tensile 

stress, whilst counter clockwise rotation indicates a 

compressive stress.  

Maximum rotation has been found previously to 

occur when the ratio between expansion arm’s offset 

and arm’s width is 1.5 [1].  However, when 

characterising strain in films with low Young’s 

modulus (<10 GPa) it is advantageous to increase this 

ratio to 2 in order to reduce the maximum degree of 

rotation [7]. 

 

Figure 1: Schematic of strain test structure. 
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III. FABRICATION 

The SU-8 rotating strain test structures used in 

this investigation were patterned on top of silicon 

wafers coated with 1µm of thermally grown silicon 

dioxide, covered by 700 nm of LPCVD deposited 

polysilicon.  Two types of SU-8 (SU-8 5 and SU-8 

3005), were characterised to investigate the effect of 

the hard bake (HB) temperature and cool down rate 

on their residual stress.  Two hard bake temperatures 

200˚C (standard) and 150˚C were evaluated using a 

cool down rate at the end of the process of 

2.83˚C/min.  

The Parylene strain structures were fabricated on 

the same silicon/SiO2/polysilicon substrate.  A 5 µm 

thick Parylene film was deposited, and test structures 

were then patterned using a RIE based oxygen plasma 

process, with a titanium hard mask.  The resulting 

structures were then annealed at temperatures of 70˚C, 

140˚C, and 200˚C to investigate the effect of thermal 

budgets on the film’s residual stress.   

In all cases the polysilicon sacrificial layer used to 

release the structures was removed using XeF2 

vapour.  Figure 2 shows a photograph of a released 

Parylene strain indicator structure. 

 

Figure 2: A released Parylene strain indicator 

structure (note: the expansion arms are anchored out 

of view). 

IV: NANO-INDENTATION MEASUREMENTS 

Nano-indentation measurements were used to 

determine Young’s modulus.  The nanoindenter used 

was a Hysitron triboindenter with a Berkovich 

diamond tip, which indents into the surface of the 

material using a controlled force regime while 

measuring the response of the film.  The load applied 

by the tip is ramped to 2 mN at a rate of 0.4 mN/sec, 

then held for 10 seconds, and ramped down at a rate 

of 0.4 mN/sec.  Typical measured indentation curves 

for SU-8 5 and Parylene are presented in Figure 3. 

The data from the unloading segment of this curve is 

used to extract the Young’s modulus using the curve 

fitting procedure detailed in [8].   

Each three inch wafer was diced into 1 cm
2
 chips, 

and 4 indentation measurements were taken on each 

of these chips.  The average Young’s modulus values 

measured for all SU-8 and Parylene samples are 

presented in figure 4.  

The measured Young’s modulus values for SU-8 

ranged from 4.17 GPa (SU-8 3005 hard-baked at 

200˚C with gradual cool down phase) to 5.49 GPa 

(SU-8 5 hard-baked at 200˚C).  In the literature, these 

values typically range between 3.5 and 7.0 GPa [9], 

which covers the values determined in this exercise. 

      Values of Young’s modulus for Parylene reported 

in the literature range between 2.00GPa and 5.29GPa 

[10, 11].  This compares with the parameters 

measured in this work, which were 1.01 GPa to 2.87 

GPa for non-annealed and annealed samples at 140˚C 

respectively. 

Figure 3: Indentation curves for SU-8 5 hard 

baked at 200˚C  and non-annealed Parylene . 

(a) 

(b) 

Figure 4: Young’s modulus values with respect to 

annealing temperature: (a) SU-8, (b) Parylene, error 

bars indicate range. 

V.  FINITE ELEMENT MODELLING 

Finite element (FE) modelling has been used to 

combine strain data with Young’s modulus 

measurements, to compute values for residual stress. 

This FE model simulates the response of the test 

structure for a given stress and Young’s modulus. The 

strain data obtained from the simulated curves (figure 

5) was then correlated with strain data obtained from 
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strain test structure measurements, in order to 

determine stress in the film.   

 
Figure 5: Simulated results of residual stress mapped 

against angle of rotation for a range of different 

Young’s modulus values. 

VI. STRESS WAFER MAPPING 

By correlating strain measurements from the 

pointer arm test structures with the simulated 

response of the strain indicator structure (figure 5), it 

has been possible to determine the stress in the 

Parylene and SU-8 films.  Figure 6 presents the 

average stress for each of the SU-8 and Parylene 

films.  

In addition, by correlating the position of strain 

and nano-indentation measurements on the wafer it 

has been possible to determine local values of stress, 

and subsequently wafer map strain; Young’s 

modulus; and stress for each film. These wafer maps 

are presented in figure 7.  

It is clear from figures 6 and 7 that the highest 

value of stress was developed in SU-8 5 hard baked at 

200˚C (σ = 52.19 MPa).  It is also interesting to note 

that SU-8 films that were hard baked at 150˚C 

exhibited approximately the same average stress 

values (~36 MPa for SU-8 5 and 29 MPa for SU-8 

3005) as SU-8 films which were hard baked at 200˚C 

followed by a gradual ramp down.  These results 

indicate that gradually cooling further to hard bake 

results in a 27% and 21% reduction in stress for SU-8 

5 and SU-8 3005 respectively.  SU-8 3005 also 

exhibited a 27.7%, 18.4%, 21.5% lower average 

stress compared to SU-8 5 samples which had 

undergone the same processing conditions shown in 

figure 6(a).  

Wafer maps of SU-8 also present a large variation 

in stress.  The worst case is with SU-8 5 for a 200˚C 

hard bake, where the maximum stress variation is 

74MPa.  

Non-annealed Parylene samples initially exhibit a 

lower stress level than SU-8 samples (5.52 MPa), 

which increases to 14.07 and 30.05 MPa when 

annealed at 70˚C and 140˚C respectively.  However, 

it is important to note that Parylene annealed at 

140°C develops a comparable level of stress with SU-

8 3005 annealed at 150˚C or 200˚C followed by 

gradual cooling.  

When Parylene is annealed at 200˚C all the stress 

test structures fractured during the release processing 

step, and it was therefore not possible to obtain any 

quantitative information.  It is postulated that their 

rotation angle would be significantly larger than of 

those annealed at 140˚C and as a result they 

experienced a high degree of stress resulting in 

fracture.  The Young’s modulus of Parylene annealed 

at 200˚C was found to be 5.2 GPa.  Therefore, a 

significant increase of 414% in Young’s modulus 

between non-annealed Parylene and Parylene 

annealed at 200˚C suggests a significantly higher 

stress resulting from exposure to higher temperatures.  

This stress is assumed to exceed the yield strength 

value for Parylene (59 MPa) [12].  Therefore when 

considering integrating Parylene into device 

architecture, thermal treatment must be carefully 

considered. 

Wafer maps of non-annealed and annealed at 

70˚C Parylene films appear to exhibit uniform 

mechanical properties.  In this case the maximum 

variation in stress across the wafers is 10 and 15 MPa 

for non-annealed and 70˚C annealed samples.  Wafers 

which have been annealed at 140˚C show a 440% and 

260% higher variation of 54 MPa, when compared to 

non-annealed and 70˚C annealed Parylene films.  

This level of variation is comparable to the 55 and 51 

MPa values reported in SU-8 5 films which have been 

hard baked at 150˚C and 200˚C with gradual cool 

down.  It has been observed that the stress in the 

Parylene film annealed at 140˚C has developed a 

stress gradient across the wafer, from low stress in the 

bottom left of the map (approximately 20 MPa) to 

greater levels of stress in the centre and top right of 

the map (approximately 40 MPa).  As other 

measurements indicate that higher temperatures result 

in greater levels of residual stress it is thought that 

this effect could be the result of a significant 

temperature gradient across the wafer, when annealed 

on the hotplate.   

(a) 

 

(b) 

Figure 6: Average stress data for (a) SU-8 and (b) 

Parylene, error bars indicate standard deviation. 
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Figure 7: Wafer maps of strain, Young’s modulus and stress for all SU-8 and Parylene films. 
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VII. ADHESION TESTING  

In addition to stress, the adhesion strength of SU-

8 and Parylene deposited on materials commonly 

used in the fabrication of MEMS (e.g. silicon dioxide, 

copper, titanium and NiFe) has been considered.  In 

this study, test structures consisting of long strips (5 

cm) of SU-8/Parylene were fabricated.  The design 

consisted of a 1.5 cm long section of this strip being 

mechanically anchored to the material under test 

(MUT), while a 3.5 cm of the strips length was 

released by removing the polysilicon sacrificial layer 

using a XeF2 vapour etchant.  Figure 8 (a) presents a 

photograph of the fabricated strips with 8(b) showing 

cross-section of the fabricated structure. 

After fabrication, a tensile testing setup was used 

to carry out a peel test by fixing the wafer to a chuck 

and, using the expansion arm of the tensile testing  rig 

to pull the released section of the strip at 90˚ to the 

substrate.  A diagram of this setup is presented in 

figure 9. 

Using this method it was possible to obtain one 

measurement of Parylene, figure 10, where the 

material under test was silicon dioxide, indicating that 

this technique can be used to measure the adhesion 

force of thin films.  However, when testing all other 

samples, including others with silicon dioxide, the 

Parylene broke when the pull force exceeded 

approximately 2.5 N.  Thus, the conclusion can be 

drawn that the adhesion force for Parylene, for all 

base materials tested is greater than the yield strength 

of Parylene.  However, it is suspected that bending 

the strip through 90˚ may have damaged the Parylene 

significantly reducing its yield strength.  It should 

also be noted that the array of 10 m etch holes every 

200 m for the sacrificial polysilicon material 

removal may also have contributed to the lower yield 

strength. 

It proved not to be possible to use this technique 

to test SU-8 samples as the released strip was too 

brittle to be bent through 90
o
 and broke during the 

clamping process.  Therefore no useful numerical 

data has been recorded for SU-8 samples.  

VIII.  CONCLUSION AND FUTURE WORK 

In this paper the strain, Young’s modulus and 

stress have been characterised, for Parylene and SU-8 

films with different thermal histories, by employing 

the use of strain indictor test structures and nano-

indentation.  By correlating the position of strain and 

Young’s modulus measurements on the wafer it has 

been possible to wafer map strain, Young’s modulus 

and stress for each film. 

It has been established that by annealing Parylene 

the average stress in these films increase by 116.4% 

and 452% for films annealed at 70˚C and 140˚C 

respectively.  In addition, all Parylene strain indicator 

structures which were annealed at 200˚C fractured, 

indicating that the stress in the film is greater than the 

yield strength.  Therefore, when considering the use 

of Parylene, thermal treatment must be carefully 

considered.  

 

(a) 

 

(b) 

Figure 8: (a) fabricated adhesion test structures 

(before release), (b) cross-section of fabricated test 

structures (before release). 

 

Figure 9: Test structure setup for tensile testing. 

Figure 10: Peel test result for Parylene on silicon 

dioxide. 

The strain, Young’s modulus and stress have been 

characterised for two types of SU-8 (SU-8 5 and SU-

8 3005) and the effect of hard bake temperature and 

gradual cooling on residual stress has been 

investigated.  It is interesting to note that a gradual 

cool down, further to a 200˚C hard bake, reduced the 

average residual stress by 27% and 21% for SU-8 5 

and SU-8 3005 respectively.  

Reducing the hard bake temperature to 150˚C also 

reduced the average residual stress by 31% and 17%, 

for SU-8 5 and SU-8 3005 respectively.  It is clear 

that these results are comparable to SU-8 samples 

which were hard baked at 200˚C with a gradual cool 

down.  For samples which were annealed at 150˚C 

and 200˚C with a gradual cool down, it is thought that 

the reduced stress is the result of a lower degree of 

shrinkage following the hard bake stage. 
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SU-8 3005 samples consistently exhibited a lower 

stress than SU-8 5 samples (32% for SU-8 5 and SU-

8 3005 samples, with 200˚C hard bake, without 

gradual cool down). 

Adhesion tests have been carried out using a 

tensile testing rig, and it has been found that the 

adhesion force is greater than the yield strength. 

Parylene when pulled at 90
o
 to the substrate 

orientation. 

Future work will involve the characterisation of 

SU-8 and Parylene films under different humidity 

conditions. 
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