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Abstract. Tribological properties of optimized SU-8 micro-gutterns on Silicon (Si)
were evaluated using a flat-on-flat tribometer.di8ly tests on the patterns were
conducted against a SU-8 spin-coated 2 mm x 2 msulSstrate at varying normal
loads at a fixed rotational speed. It was obsethiatithe pitch of the SU-8 pattern on
Si substrate had significant influence on the wearability. Ultra-thin layer of
perfluoropolyether (PFPE) was over-coated onto Sti8o-dot patterned specimens
for enhanced wear durability, and the specimerhefdptimized pitch 450 um has
shown a wear life of more than 100,000 cyclesratranal load of 650 mN.
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1. Introduction

MEMS (Micro-Electro-Mechanical Systems) are misgale devices that are
commonly made from Si (Silicon) or some cross-lohkgolymers such as SU-8.
Though Si has many attractive properties relatdthtdness, stiffness, fatigue and the
ease of mass-fabrication by the semiconductordabon technology, Si is very poor
in tribological performances [1]. Once it is in ¢act with itself or another similar
material in dynamic condition, it shows high stetj high initial and dynamic friction
and considerable wear. Therefore, it is extremelgartant to modify Si surface to
reduce stiction, friction and enhance wear lifemidichines made of Si are going to
have sliding and rolling components.

Stiction, friction and wear are common failure mma&aisms in MEMS. When
two surfaces are close to each other, the attexstivface forces (i.e. capillary, van
der Waals and electrostatic forces) play an impbntale in device performance [2 -
4]. Many ways to minimize stiction, for exampl@péication of bumps for reducing

the geometrical contact area [5, 6] or use of agdembled monolayers (SAMs) are
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effective in alleviating the effect of release stin, as observed in the adhesion and
friction measurements [4]. However, the long-temmtion and wear problems have
not been studied in the context of Si-MEMS.

Tribological issues that still need to be solvedMEMS are associated with
friction and wear which are highly affected by gwnditions of sliding. High friction
and the generation of wear debris could stop theement of a device causing early
failure. The sliding geometries in most of the &bdies are pin-on-disc or ball-on-
disc. In fact, in real devices, the sliding contaetween two surfaces is often flat-on-
flat and hence it is also necessary to explorengtere of friction and wear under this
condition.

In a previous paper, sliding wear tests were caroat on a ball-on-disc
configuration on SU-8 micro-dot patterned specimgiljs With the benefits of the
micro-dot patterns, the initial friction studiesosted that the SU-8 micro-dots
improved the tribological properties by sharing thearing load and there was a
strong influence of the pitch length between midods on friction and wear life. For
the wear durability test, PFPE (perfluoropolyetb&thickness approximately 2 nm)
was over-coated onto SU-8 micro-dot pattern spetegm&he SU-8 material used in
this study is a negative, epoxy-type, near-UV (d80- nm) photo-resist in which
eight epoxy groups are attached to a single matedMhen exposed to UV light, SU-
8 long molecular chains cross-link, resulting igthstrength due to the exceptionally
high functionality of SU-8For the preparation of PFPE layer on the sampl@sw®o
concentration of PFPE (Z-dol 4000) was initiallssblved in a solvent (H-Galden
ZV60). The samples were over-coated by submergiagpecimen in the solution for
30 seconds and then withdrawing it from the sofutad a withdrawal speed of 2.1
mm/s. The optimized micro-dot pitch length of 450 um watde to withstand a
normal bearing load of 350 mN for more than 100,6%€les of sliding against $hi,
ball (2 mm diameter) without failure. In the presstudy, the application of micro-
dot pattern has been extended to flat-on-flat cxirgarfaces, a geometry likely to be

encountered in actual MEMS or other micro- or masale devices.

2. Experiment on flat-on-flat configuration
21 Friction and wear tests
The procedures for sample preparation have bgentesl elsewhere [7]. The

bottom surface is a Si plate wafer with SU-8 midaoa-pattern within an area of 7 mm
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X 7 mm prepared using polymer jet printing fabi@atmethod as shown in Figure 1.
A commercial tribometer (CSM nanotribometer, Swiesed) was modified for the

friction and wear tests using a flat-on-flat configtion.
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Figure 1 (a) Schematic of micro-dot pattern in an area of 7 xafnmm (b) Topography
images of Si/SU-8 micro-dot patterns specimen wifld0 times magnification and (c) 500
times magnified image of a SU-8 dot of 108 pm aiten
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The pitch (centre to centre distance) of the aofagots was varied in order to
study the variation of friction and wear performanwith pitch length, thus to
experimentally determine the optimized pitch whiekhibited least coefficient of
friction and highest wear life. Table 1 shows getm data for the spin-coated top
plate and micro-dot patterned bottom specimens. w& the substrate for both
specimens.

Figure 2(a) shows the arrangement for the recipirogdlat-on-flat wear test.
A Si top plate of 2 mm x 2 mm is mounted on theralt force sensing cantilever
which is fixed and the bottom plate is reciprocatéth a stroke length. The bottom
plate is the patterned specimen which is fixed o gtage of the tribometer using
adhesive (super glue) (Figure 2(a)). The cantievesre pre-calibrated in the factory

for the normal stiffness and tangential stiffneskigs.

Table 1: Data from the optical profiler measurement

Specimen Measurement Value Standard Deviation
Spin-coated Mean thickness 0.5 um 0.03
top plate Roughness 1.15 nm 0.13
Radius of curvature of the
_ 1460.77 pm 67.51
micro-dot, R
Micro-dot patterne(Mean height 1.14 pm 0.15
bottom specimen |Mean diameter 108.8 um 1.95
] 50 to 650 pm
Pitch length

with increment of 100 um
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Figure 2: (a) Schematic of the top plate attachment to ¢heefsensing cantilever of the

CSM nanotribometer and (b) Schematic of the topepdad bottom specimen.

All the experiments were repeated at least thisest for each set of
parametric conditions. Experiments were conductedmbient atmosphere at room
temperature (28C) and relative humidity of approximately 60 % iglass-100 clean
booth. The normal and tangential forces were medsusing the cantilever as shown
in Fig 2 (a). The normal stiffnes${ of the cantilever is 2.46 mN/um and the
tangential stiffness) is 4.25 mN/um.

2.2 Nanoindentation tests

A commercial Nanoindenter (MTS Nanoindenter XP,3/Corporation, USA)
was used to measure the hardness (H) and elastinlaso(E) of the SU-8 thin film.
H & E are determined using continuous stiffness suement (CSM) technique
through functions of indentation penetration depith load and unload cycle [8]. A
Berkovich diamond indenter was employed for all théentation tests. The final
depth of indentation was set to 500 nm and a toftaéd indentations on different
surface locations were carried out to obtain aweraglues of the modulus and
hardness.

It is difficult to locate correct position on a gle micro-dot for
nanoindentation as the micro-dot is of round steapkthere is a good chance that the
indenter tip would land on the slope of the micad-cAs the nanoindentation is more
feasible to a flat surface, we decided to use 50pitch sample for this test. The

micro-dots for this pitch were so close to eacteothat they overlapped and formed
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flatter dots. The measurement of the thicknessOoprh pitch showed 15 pm which is
much higher than the height of a single micro-@gptorted in Table 1. The reason for
higher thickness for 50m pitch is the large number of micro-dots in uméaaand the
overlap of the adjoining micro-dots together.

The elastic modulus and hardness values obtanoatd €SM indentation test
for SU-8 spin-coated and micro-dot textured (PitclbO0 pm, Height = 15 pm)
specimens are shown in Figure 3. The results fialirdepth (up to 10 nm) are not

accurate due to the inaccurate estimate of the faredion at the small indentation

depths.
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Figure 3: (a) Elastic modulus and (b) hardness with resfetite indentation depth for the (1)
SU-8 spin-coated (film thickness = Gvn) and (2) SU-8 micro-dot textured on the Si

substrate during CSM nanoindentation test.
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For the SU-8 spin-coated top plate, elastic maglshows the increasing trend
whereas hardness is more stable with the indentaipth. The increasing value of
elastic modulus was due to the Si substrate eftacted from the penetration depth of
approximately 100 nm. Within the range from 30L&0D nm penetration depth, the
mean elastic modulus (E) = 6.144 + 0.176 GPa amdhkas (H) = 0.472 £ 0.04 GPa
were obtained.

For the SU-8 micro-dot textured specimen, the melastic modulus E =
5.205 = 0.12 GPa and hardness = 0.423 + 0.037 @PRlaef penetration depth from 30
to 100 nm, which is slightly lower than those foe tspin-coated SU-8.

2.3 Contact pressure estimation
Two models are used to calculate the mean coptassure, namely Hertzian
[9] and Greenwood & Williamson (G & W) [10] modelThe Hertz's equation to

calculate mean contact pressure is given as:

Where Py, is the mean contact pressukg, is the normal loadR is the radius of
curvature,E; is the composite elastic modulus of two contactimgterials which is
calculated as follows:

12 and E;, are the Poisson’s ratio and elastic modulus of tthe contacting
materials.
To a large extent, the experiment match closeti Wie ideal case of the G &
W model as an ideally smooth surface (top plateadis a rough surface (micro-dot
patterns on the bottom specimen) where the asgehtve identical hemi-spherically

shape. The G & W'’s equation to calculate the numantact pressure is given as:

where is the standard deviation of height.
For calculation, the mean elastic modulus of Sypd@ymer was pre-
determined as 6.144 GPa (top plate) and 5.205 @&t specimen). The Poisson’s

ratio was taken as 0.22 [11]. Next, we used ftaflat configuration using both



This paper is accepted for publication in Triboldgters, (2011)

models to calculate the mean contact pressure locadized single micro-dot. We
assumed that the load is distributed evenly onntiero-dot pattern underneath the
top plate and there is only elastic deformationfliatron-flat configuration.

Table 2 tabulates the number of dots and Figushalvs the mean contact
pressure variation with respect to the pitch lenglien in contact with 2 mm x 2 mm

square top plate (Si/SU-8).

Table 3 Tabulation of the pitch and the number of micotsdsubject to the applied load

within 2 mm x 2 mm area.

Number of micro-dots
Pitch (um) | subjected to the applied load

150 177

250 64

350 32

450 19

550 13

650 9

32

26

20

14

Mean contact pressu

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75

Pitch (mm)

Figure 4: Mean contact pressure against pitch length wiflerdint applied normal load for
the Hertzian model and for the G & W model.
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The difference is that the Hertzian model suggasiggle contact point whereas for
the G & W model suggests an area contact. The W &odel predicts a constant
contact pressure regardless of the pitch lengthredseHertzian model predicts the
gradually increasing trend with increase of pitehdth. Hertzian model shows higher

contact pressure in localized micro-dot as caledlat

24 Test parameters
Table 3 summarizes the test parameters for tlae dugrability study.

Table 3: Summary of the test parameters for the wear diitsabi

Setting parameter Parameter
Linear sliding speed 5.1 mm/s or 100 rpm
Full length of stroke ~1 mm
Normal load 250 mN
Cycles Stopped at 100,000 cycles if no failure
Top plate 2mmx 2 mm
Lubrication PFPE 0.2 wt% over-coated bottom speniomy

In this work, 4 types of configuration (as shown Rigure 5) are used to
establish the behaviour of SU-8 spin-coated and Bar All the configurations were

tested with and without PFPE (0.2 wt%) lubrican¢meeoated on the sliding surface.
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Figure 5: Four types of configuration used from the top hatlom plate (without pattern).

Configuration (b) and (c) are expected to have sassalts. PFPE was used as a
nano-lubricant and over-coated to improve the Viegasince wear life of SU-8 alone

is extremely low in dry condition [7].

3. Results and discussion
3.1  Wear durability on un-patterned SU-8 and Siates

The wear durability of each surface pair (as preskin Figure 6) was defined
as the number of reciprocation cycles when theficoaft of friction exceeded 0.3.

Figure 6 shows the wear durability of differentispairs.
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Figure 6: Average wear durability data of various Si and &klrface pairs (with or without
PFPE nano-lubricant).

Firstly, the flat-on-flat configuration test isrcad out to determine the best
configuration to be used. Reciprocating sliding mida of approximately 100 cycles
was observed for the Si-Si configuration specimEme reason has been reported
earlier as Si surface has very poor tribologicalperties even with PFPE 0.2 wt%
over-coated [7]. The dotted box in Figure 6 hights the improvement on the wear
life with and without PFPE for different Si and SUsurface pairs. Both reported
similar wear life and much better than those faelsi specimens. Next, the SU-8 on
SU-8 configuration (without PFPE over-coat) showsast 4,300 cycles. From these
configurations, SU-8 spin-coated top plate showettieb results. Finally, the durable
wear life occurred for PFPE over-coated SU-8 (tiape) and SU-8 (bottom specimen)
configuration with a life cycle up to 100,000 cylevithout failure. The final
coefficient of friction recorded at the end of test was approximately 0.11. Figure 7
shows typical friction coefficient versus number retCiprocating cycle graphs for

different surface conditions.

11
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(a)
N

'

b) [T T

Figure 7: Coefficient of friction respect to the number e€iprocation cycles for different

surface pairs; (a) without PFPE over-coated andav(n) PFPE over-coated lubrication.

The effect of nano-lubricant PFPE showed a visitnlprovement in the wear
life and friction properties for all types of cogdiration except Si-Si surfaces. In this
work, the results have shown that SU-8 spin-coatedl bare Si substrate specimen

did not offer best solution in term of tribologiqarformance. We have selected SU-8

12
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polymer over-coated with PFPE (0.2 wt%) at therfatee to keep the coefficient of
friction low and nearly zero wear of Si surfaces.

During these tests, the Si substrate experienteagsadhesion with either
bare Si or SU-8 counterfaces. This adhesion isdesirable between these two
surfaces as it may deteriorate functionality of tlewice in application and increase
the chance of failure. In the extreme case, eficiiself may cause device failure. In
this work, under the same wear test parametersrethidts have shown that SU-8
polymer against SU-8 polymer with PFPE lubricati@sults in better tribological
properties. The coefficient of friction was at teagly-state value of approximately

0.14 till 100,000 cycles of sliding without showiagy sign of failure.

3.2 Friction and wear results on micro-dot patterns

For the wear durability study on the micro-dottgats, all conditions were
kept similar to those of the various surface paksept a higher normal load of 500
mN was employed. This higher load was chosen ierora differentiate the various
pitch length expected to have higher wear life. 8&&%PE (0.2 wt%) was used as a
nano-lubricant over-coated to improve the wear difece wear life of only SU-8 is
limited. As before, the wear durability of eactesinen was defined as the number
of cycles when the coefficient of friction exceed@®. Figure 8 shows the wear
durability and coefficient of friction data of ti®U-8 micro-dots for different pitch
lengths. For comparison, test was also condudethé spin-coated SU-8 on SU-8

specimen with PFPE over-coated under the new ndoadlof 500 mN.

13
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(@) _ Experiments stopped at 100,000 cycles
Spin-coated
(no patterning)

________

(b)

Pitch
length:

250 pm
450 um
350 pum

550 um

Figure 8: (a) Average wear durability data for spin-coat@dt(bar) and SU-8 micro-dot
patterns with different pitch length. (b) Typiced¢es of the coefficient of friction as a
function of the number of sliding cycles for spimated SU-8 and micro-dot patterned

specimens with different pitches presented in {d)e inset in (b) shows specimen with short

wear lives. All samples had PFPE over-coat.

With the normal load of 500 mN, spin-coated SU&ymer against SU-8
polymer failed at 4,200 cycles. As the pitch irmses for the micro-dot patterns, there
iIs a reduction in the contact area and the wearifitreases gradually. The pitch
lengths of 250 um to 550 um did not fail till 100(0cycles when the experiments
were stopped. At pitch of 650 um, it failed immegely at 100 cycles.
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When a load is applied on a micro-dot patternasgrfin contact with a surface,
the contact area is reduced by sharing or redigtab of the load among the micro-
dots. The micro-dots used in this study are of dosimape which can lessen the stress
concentration at the contact point and thus helpn@wntain a film of lubricant
between the each micro-dot and the counterface§)Sdlitring sliding. This helps to
maintain low friction and high durability of the ano-dots. In contrast, if the patterns
are of conical or pyramidal shapes for examplerethdll be stress concentration at
the tip of each micro-dot. High stress concentrai the tip will squeeze out the
lubricant locally and the possibility of the faitof the tip is high because of the local
stress concentration. Once the tip is broken, xipesed material of the micro-dot will
be the base SU-8 material without PFPE overcoahande the friction will continue
to increase with shorter wear life. A schematic glaf this explanation is shown in
Figure 9. Thus, a rounded surface of the microadoids early damage to the pattern
with the help of nano-lubrication even after repéatliding. In addition, it is possible
that a pattern such as micro-dot can benefit froenréduction in the capillary forces
due to the discontinuous contacts between thesselldch happens effectively only
when the pitch length is optimal. Shorter pitchgégnwill mean nearly continuous
contact between the surfaces and larger pitch helegtids to a direct contact of the
counterface with the Si substrate; both conditiaresnot good for long wear life. In
this study, we have observed that a combinatiothefoptimized pitch length with
PFPE overcoating on rounded micro-dot patternedfaseir can promote the

tribological performance of SU-8 patterning draaitic
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Figure 9: A schematic model showing the mechanism of loetitsh and low wear for
micro-dots with rounded face (upper diagram). Skiamicro-dots will suffer from early wear

because of high stress concentration at the tigraature (lower diagram).

Optical microscopy was conducted after the westist® analyze the amount
of debris and the wear track conditions on theasm@$ of the test specimens. As
shown in Figure 10, top and bottom plate were irdaaféer the coefficient of friction

exceeded 0.3 (specimen failed by the present tiefii
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Specimen Top plate Wear Track Bottom plate Wear Track
(a) Spin-
coated

(b) 150 pm

(c) 650 um

Figure 10: Optical images of top plate SU-8 against Si/SUHB\WFPE overcoat (spin-
coated and with two pitch lengths which showed t&ndife). The top and bottom plate wear
track images were magnified 100 times and 50 tirasgectively. These images were

captured after the coefficient of friction had esded 0.3 when it was defined as failure.

The optical images (Figure 10 (a)) show that SUp#-soated specimen was worn
out on top and bottom plate after 5,000 cycles expSi substrate. Debris particles
were observed and wear track formed a rectangl& praiSU-8 and the substrate Si
contributed to high coefficient of friction. As mpared to the previous normal load
of 250 mN, the spin-coated SU-8 polymer is not ablevithstand higher load of 500

17
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mN for longer life cycles. The coefficient of ftion increased with increasing load.
This could be explained by the contribution of aij@s and the brittle fracture of
these asperities at high contact shear stress Bd@]the 150 pm pitch which failed at
4,300 cycles, similar phenomena happened as th&tfe8 on SU-8 specimen. Large
contact area between the SU-8 spin-coated and bpifeh micro-dot surfaces led to
early wear. For the 650 um pitch which failed @0 kycles, there were very few
numbers of micro-dots and there was direct contdcthe top SU-8 spin-coated
surface with the exposed Si surface on the bottéate p The shear stress was
localized at the edges of the wear track in betw®drB and Si surfaces. As the test
was stopped after the failure, an area of incorapiettangle mark was shown. These
results show that either complete coverage by SW\8ry few micro-dot patterns of
SU-8 do not have high wear lives. Hence, an opgtaition of the pitch length of the
patterned specimen would yield better results.

It is observed that specimens with micro-dot pitgth between 250 um to
550 um demonstrate very high wear life. For thaiseh values, the micro-dots are
sufficient in number to bear the normal load. Eaéer 100,000 cycles of sliding, the
micro-dots are intact in the centre region of thatact area. Failure of some micro-
dots is found only near the edges of the specinietoasly because of the contact

with the sharp edge of the top plate.
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Specimen Top plate Wear Track Bottom plate Wear Trak
(a) 250 pm

(b) 350 pm

(c) 450 pm

(d) 550 pm

Figure 11: Optical images of top plate SU-8 against Si/SUiBWFPE over-coated with
different pitch length. These images were captaftet 100,000 sliding cycles. Coefficient

of friction did not exceed 0.12.
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From the optical microscope images as shown imrEigll, partial SU-8
micro-dots remained intact for the pitch lengthsaleen 250 um to 550 um even after
100,000 cycles of sliding. Some of the SU-8 matdailed during the cycles with
some debris material transferring to the plate am@f Nevertheless, no detectable
wear track was found on the Si surfaces indicattiag the top plate did not touch the
exposed Si part of the bottom patterned surfacmgluhe entire reciprocation cycles
of the test.

There is a visible reduction in the amount of delebserved under optical
microscope with differing pitch length when commhneith SU-8 uniform spin-
coated specimen. This increased wear life is betigo be the effects of PFPE and
the optimum load bearing support of the SU-8 mabots giving reduced contact area.
Tiny micro-droplets of the lubricant PFPE are aissible on the Si surface that
provides lubrication to the top plate when it toeslSi surface momentarily. PFPE
over-coat on the SU-8 micro-dots has increasecdabilty of SU-8 to provide low
friction and hence less shear stress.

The results of these optimized pitch length hane/gd that micro-scale dots
as opposed to smooth surface has helped to redacesal area of contact between
the top and bottom plates for improved tribology.

To find the optimized pitch length which could &is higher load with longer
wear life for the present pattern, we further iasex the normal load to make the
contact conditions severe. When the load was 600 piish 250 um and 550 um
failed at 200 and 600 cycles, respectively. Fer lttad of 650 mN, pitch 350 um
failed at 400 cycles whereas the 450 um pitch specisurvived these higher loads.
Thus, the optimized pitch with the best wear lif@sw50 pm for the increased normal
load of 650 mN. The coefficient of friction remathat 0.11 up to a total sliding cycle
of 100,000 cycles after which the test was stophesl to long test duration. Optical
microscope image revealed no wear track after D00gycles. Figure 12 (a) & (b)
shows the wear durability data for increased norwoadls of 600 mN and 650 mN,
respectively. With increased normal load, the contaea as well as the Hertzian
contact pressure increases. For the pitch lengiiteshthan the optimum value, the
higher normal load and the increased contact artaSW-8 micro-dots led to a loss
of the patterning advantages such as lower coataet and lesser viscous force. For
the larger pitch length specimen, it is possibb the higher load simply meant large

elastic deformation of the fewer micro-dots preseititin the apparent contact region
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leading to a sustained contact between the coacteurface and the Si substrate.
Thus, we see that for lower normal loads, a nunobgitch lengths of the micro-dot
pattern can show high wear life. However, as weease the normal load, a critical
condition is reached when only a narrow range efgitch length would provide high
wear life. From the above results, it could be dathed that the pitch length of 450
pm is the optimized pitch length with maximum welarability under the present
testing conditions. We may also conclude that titehplength and indeed the
geometry of the micro-dot need careful optiation against the normal load and the
sliding speed, and the parameters should be seinvatwide safe operating range to

avoid working in the critical conditions.

(@)

(b)

Figure 12: Average wear durability of SU-8 micro-dots witltieased normal load of (a) 600
mN and (b) 650 mN (Note: experiments were stoppdd@,000 sliding cycles because of

long test duration).
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4. Conclusions

Rounded micro-dot patterns of SU-8 with differ@itth lengths were tested
for tribological performance in sliding against@nscoated SU-8 surface in flat-on-
flat geometry. It was found that the micro-dottpat increased the wear life of SU-8
by several orders of magnitude without failure.cd&d of 650 mN gave more than
100,000 cycles of wear life for the optimized 450 micro-dot pitch length without
failure.

The present SU-8 micro-dot patterning techniqueSorsubstrate using the
cost-effective polymer jet printer can find numes@pplications in many tribological
components such as MEMS flat surfaces where extyemgh wear life coupled with
stable and low coefficient of friction is desirab&milar patters can also be produced
on other substrates such as metals, plastics aachiss.
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