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Abstract

A polymer trilayer (sandwiched) film with a thickness of 20-30 nm has been designed to serve as a wear resistant nanoscale coating fc
silicon surfaces. These surface structures are formed by a multiple grafting technique applied to self-assembled monolayers (SAM) an

functionalized tri-block copolymer, followed by the photopolymerization of atopmost polymer layer. The unique design of this layerincludes

a hard-soft-hard nanoscale architecture with a compliant rubber interlayer mediating localized stresses transferred through the topmost ha
layer. This architecture provides a non-linear mechanical response under a normal compression stress and allows additional dissipation
mechanical energy via the highly elastic rubber interlayer. At modest loads, this coating shows friction coefficient against hard steel below
0.06, which is lower than that for a classic molecular lubricant, alkylsilane SAM. At the highest pressure tested in this work, 1.2 GPa, the
sandwiched coating possesses four times higher wear resistance than the SAM coating. The wear mechanism for this coating is stress &

temperature induced oxidation in the contact area followed by severe plowing wear. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction use in various MEMS devices [5-8]. However, alkyl chains
do not sustain high compression and shear stresses, which
The development of silicon-based micro-device technol- significantly limits their useful life [9]. Recently, we have
ogy has initiated interest in sophisticated coatings with a proposed that nanocomposite polymer layers capable of
nanoscale thickness. The nano-mechanical behavior of suchvery large elastic deformation can exhibit superior nano-
coatings plays an important role in the reliable operation of and micro-tribological properties [10,11]. Following this
silicon surfaces under variable environmental conditions. strategy, we fabricated a compliant layer of tri-block
The character of the micro-mechanical response at verycopolymer, grafted to a silicon surface using the anchoring
small deformations (nanometer-scale indentation depths)properties of an epoxysilane surface [12]. We investigated
is especially critical for nanoscale coatings in nano- and both the chemical composition and micro-mechanical and
micro-electromechanical devices (NEMS and MEMS) [1]. tribological properties of the grafted SEBS layer [12-14].
For such devices, the dynamic state of mating surfaces crit- This paper discusses further developments in the fabri-
ically depends upon normal and shear stresses developedation and micro-tribological studies of the nanocomposite
within a nanometer scale contact area [2—4]. Various ver- coatings composed of a cross-linked polymer layer tethered
sions of protective compliant coatings have been proposedto a compliant interlayer from a reinforced rubber phase. We
to reduce friction and adhesion between mating micro- report on a new design of this nanoscale coating with a total
scopic parts made mainly from silicon. Deposition of a thickness below 30nm, which demonstrates a non-linear
molecularly thick organic layer via chemical self-assembly, nano-mechanical response and low friction as reported ear-
so called self-assembled monolayers (SAMs), has beenlier [15]. The compliant rubber layer is grafted to a silicon
proposed and realized recently. Indeed, SAMs have surface via anchoring epoxy-silane SAM [16]. The rubber
dramatically reduced friction and adhesion and have found interlayer is covered by the tethered hard layer of a copoly-
mer of methylmethacrylate (MMA) and 1,6-hexanediol
"+ Corresponding author. Tek:1-515-294-6904:; dimethacrylate (HDM) as a cross-linker (Fig. 1). We choo;e
fax: +1-515-294-5444. the copolymer poly(methylmethacrylate—1,6-hexanediol
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Fig. 1. Architecture of sandwiched trilayer with values of elastic modulus for different layers (top) and chemical formulas of the initial mixture of
chemicals for photopolymerization (bottom).

(about 2GPa) as compared with the rubber layer andto the epoxy-terminated SAM according to a procedure
micro-heterogeneous morphology, which is instrumental described in detail earlier [12]. The thickness of the grafted
in the formation of grainy polymer layers [17]. We ex- SEBS layer was & + 0.4nm. Both compounds, HDM
pected to obtain a nano-grainy structure in the crosslinkedand photoinitiator 4-(dimethylamino) benzophenone (PI)
hard polymer on top of a smooth compliant reinforced (Fig. 1) (Aldrich) were used as received. The solution of
rubber layer. Furthermore, we expected to observe pecu-monomers was deposited directly on to the rubber layer,
liar micro-mechanical and -tribological behavior in the covered with a glass plate, and exposed to UV light to initial-
“sandwiched” composite. We investigated the effect of ize photopolymerization and the formation of PMA. After
chemical composition of the topmost layer on its mor- polymerization, the glass plate was removed, the sample was
phology and on the nano-mechanical and micro-tribology rinsed thoroughly with toluene and treated in an ultrasonic
properties of the multilayer coating. bath to remove residual monomer and ungrafted polymer.
The thickness and the microstructure of the polymer
layers were determined from ellipsometry, scanning probe

2. Experimental microscopy (SPM), scanning electron microscopy (SEM),
and Auger spectroscopy (AES). Ellipsometry measurements
Highly polished single-crystal silicon wafers il 0 0} were performed with a COMPEL automatic ellipsometer

orientation (Semiconductor Processing Co.) were used as(InOmTech Inc.) at an angle of incidence of°7®urface
substrates. (3-Glycidoxypropyl)trimethoxysilane (Aldrich) imaging was performed using tapping mode with a Di-
was used to prepare epoxy-terminated SAM on the silicon mension 3000 (Digital Instruments Inc.) SPM microscope
surface [16]. The primary compliant layer was formed from according to the usual procedure adapted in our labora-
the tri-block copolymer, poly[styrene-b-(ethylene-co-buty- tory [18,19]. Micro-mechanical measurements and surface
lene)-b-styrene] (SEBS), (Kraton 1901, Shell) with micro-mapping were carried out in the contact mode ac-
glassy polystyrene (PS) domains embedded in rubbercording to the experimental procedure described earlier,
polyethylenebuthylene (PEB) matrix. This layer was grafted which used a so-called force volume mode and a Hertzian
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contact mechanics model to evaluate compression modulusspecimen with applied load of 0.3 and 1.8 N which corre-
depth profile [20,21]. sponded to a maximum Hertzian pressure of 660 MPa and
The surface composition distribution and SEM images 1.2 GPa. Sliding speed was 4.43 mm/s and the stroke length
were obtained with a PHI-670 Auger electron spectrometer. was 3 mm.
AES surface analysis was performed using a field emission
gun with an accelerating voltage of 5kV and a current of
0.0211 mA. The working potential for depth sputtering was 3. Results and discussion
1kV using Ar-ions. Under this working condition, the sput-
tering rate was 0.47 nm/min when calibrated againsSiO  3.1. Microstructure of sandwiched layers
For micro-tribological measurements, we employed an os-
cillating friction and wear tester. The 3mm diameter steel  The microstructure of the topmost PMA layer tethered
ball with a very smooth surface (surface micro-roughness to the rubber interlayer is as shown in Fig. 2. The PMA
<10 nm within 2um x 2 wm) was mounted in a carrier head layer showed continuous and uniform morphology over
and oscillated against a stationary layer-deposited planarlarge surface area with fine grainy structure resolved at high

Fig. 2. The AFM images of the rubber SEBS interlayer (top) and sandwiched film containing 3% of HDM (middle) and 15% of HDM (bottom): left is
topography; right is phase image. Scan size jgrilx 1 pum for all images. Height and phase scales are changed for top to bottom from 5hrg 15
10nm, 15 and to 20 nm, 60
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magnification. This grainy structure for the PMS layer was of the PMA layer. The lateral size and height of the surface
very different from that observed for glassy PS domains grains increased with the increase of HDM content beyond
distributed in the rubber layer of SEBS polymer (Fig. 2). 6% in the composition of the PMA layer as shown in Fig. 3.
The polymer grains showed a wide distribution of sizes in Accordingly, the apparent surface area of grains decreased
the range of 50-100 nm. The morphological characteristics due to an increasing surface fraction of deeper grooves situ-
of the PMA layer formed at different stages are as shown in ated in between grains. Higher concentration of HDM (above
Fig. 3. The micro-roughness of the PMA layer of 4-5 nmwas 6%) produced larger lateral size of the grains and their ag-
high compared with the rubber interlayer (0.25 nm) (Fig. 3). gregation in dense clusters separated by grooves (Fig. 2). As

The increase of concentration of cross-linker, HDM, inthe a result, the apparent surface area of grains increased and
initial mixture resulted in an increase of the micro-roughness the surface micro-roughness remained unchanged for these

compositions (Fig. 3).
10 The surface morphology observed and its variation with

chemical composition are in agreement with the results of
8 Bowman et al. for photopolymerizable polymers [17]. It
has been demonstrated that for lower cross-linking den-
sity structural heterogeneity increases with the increase
of cross-linking of polymethylmeth acrylate material. The
grainy morphology was typical for cross-linked PMA com-
pounds and reflected the micro-heterogeneous microstruc-
ture caused by non-uniform photopolymerization initiated
0 . o in random nuclei, which grew to certain dimensions be-

9 10 11 12 13 14 15 16 17 18 fore interfering with each other. Grains represented initial
Time, min micro-gel volumes with a high density of cross-linking

and the inter-grain space was characterized by lower
-4 cross-linking density. Thus, from a micro-mechanical point
304 * of view, one can expect that the elastic deformation be-
* L3 havior of this material should involve displacement of hard
domains within a more compliant matrix.

After the inhibiting period of 10 min caused by the pres-
ence of a stabilizer and oxygen in the initial mixture, the
photopolymerization leads to the formation of the com-
plete PMA layer on the top of SEBS interlayer (Fig. 3).
ol ¢ The thickness of the layer reached the plateau value after

15-20 min. Under these conditions, the PMA layer showed
0 10 20 30 a well-developed grainy microstructure. We stopped illumi-
Composition, HDM vol.% nation at this stage because further illumination results in the
formation of fully cross-linked PMA, which showed a more
uniform microstructure. The changes in surface microstruc-
ture of the thin polymer layer followed known tendencies
for bulk photopolymerization. In fact, the kinetics of pho-
@ topolymerization of these multifunctional (meth)acrylates
was the subject of many investigations [22—24]. Inhibiting
period and post-polymerization are characteristics of the
10004 micro-heterogeneous photopolymerization of multifunc-
\ o tional (meth)acrylates. Several researchers [24,25] have
o/ shown fine grainy microstructure and demonstrated that one
of the most fundamental structural characteristics of highly
3% 6% 15%  30% cross-linked network formation was spatial heterogeneity
Composition, HDM vol.% in the polymerizing system and micro-gel formation during
cross-linking reactions. Spatial micro-gels are regions of
Fig. 3. Thickness and micro-roughness of the PMA layer with 100% densely crosslinked and cycled polymers in a more loosely
of HDM as a function of UV light exposition (top) and for different  ~rqss-linked matrix. This is caused by the enhanced reac-

chemical compositions (percentage of HDM component) at UV light . . . . . .
exposure of 20min (middle): closed circles means thickness (nm) and tivity of functional groups near the active radical site. The

open boxes/circles means roughness (nm). The average surface grain are@le_ltive reactivity of the cross-linl_<ing monomers was foun_d
for different chemical compositions (HDM (vol.%)) at UV light exposure  t0 influence the cycle rank, which determined the elastic

of 20 min (bottom). properties of the network. The nature of the cross-linking
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Fig. 4. The depth distribution of chemical composition within the polymer trilayer coating as determined from AES. The sputtering rate was 47 nm/mi
as calibrated against S0

free radical mechanism and the enhanced reactivity of theinterpenetrating the supporting rubber matrix and providing
pendant double bonds in the vicinity of the radical resulted firm tethering of the topmost layer and the rubber interlayer.
in polymer—polymer aggregation at low conversions (i.e. the
formation of micro-gels). The heterogeneity dramatically 3.2. Micro-mechanical properties
changes as a function of conversion and polymerization
conditions. As the polymerization reaches higher conver- The micro-mechanical properties of individual compo-
sions, the polymer micro-gels become more homogeneouslynents of the “sandwiched” coatings were measured as fol-
distributed. lows. As a reference sample, we prepared a layer of PMMA
The nature of the cross-linker played an important role spin-coated on a bare silicon wafer with a thickness of about
in the formation of the tethered PMA layer. As we ob- 50nm. The elastic modulus of the model PMMA layer was
served, a pure PMA composition without HDM was unable found to be about 2.5 GPa, which is close to the value from
to tether to the rubber layer. In contrast, the PMA layer macroscopic mechanical measurements [17] and is typical
demonstrated perfect stability against multiple washing in for flexible polymer networks [26]. The rubber interlayer
both polar (THF) and non-polar (toluene) hot solvents com- was highly compliant with an elastic modulus of 10 MPa as
bined with the ultrasonic bath. We suggest that PS domainsreported earlier [27]. Finally, the silicon substrate itself was
were swollen with the mixture of MMA and HDM during  very hard with the elastic modulus of 190 GPa. We neglected
its deposition on the substrate. During the photopolymer- the effect of the epoxysilane SAM because it was very thin
ization, a three-dimensional network of the cross-linked (about 0.7 nm).
PMA domains was formed and patrtially included the PS  Fig. 5 displays the surface morphology and micro-mapping
nano-domains of the SEBS. Indeed, AES revealed the ver-of the sandwiched coating with a hole intentionally pro-
tical distribution of elements, which confirmed our sugges- duced (during top glass pulling-off) in the center of the
tions (Fig. 4). AES data showed the strong presence of theimages. This hole penetrated the 14nm topmost PMA
carbon in the whole film (30 nm thick), with silicon being a layer down to the rubber interlayer, as can be seen from
predominant element at greater depth (the depth can be esthe cross-sectional analysis of the surface topography
timated only approximately due to different etching rate for presented in Fig. 5e. Micro-mapping testing of the sur-
different elements). Oxygen was mainly concentrated in the face nano-mechanical response was performed with a

middle of the film, at the interface between the rubber inter-
layer and the topmost PMA layer (Fig. 1). This distribution
confirmed that significant diffusion of the oxygen-containing
component of the initial mixture takes place within the
rubber matrix with a very small content of oxygen (pre-

dominantly carbon-containing PS and PEB fragments).

Obviously, this resulted in the micro-gel network deeply

pixel-by-pixel nano-indentation of the film, as described
earlier [21]. Indentation depth was kept within the range
of 2-20nm to avoid surface instabilities during initial tip
engagement and an excessive contribution from the stiff
silicon substrate. These conditions for nano-probing pro-
vided spatial resolution of 0.2nm in the vertical direction
and 20-50 nm within th& andy planes.
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Fig. 5. (a) The AFM topographical and (b) phase of the film surface with a central hole produced during pull-offut@sk 3um surface area with
clearly visible grainy microstructure. Micro-mapping of surface properties of the film with 32 gi®8& pixel resolution within the same surface area:

(c) topography, (d) elastic modulus, and (f) adhesive forces; (e) cross-section of the center of the topographical image, which shows thef tihiekness o
topmost layer of 14 nm that corresponds to the value obtained from independent ellipsometry measurements.

The surface distribution of both the adhesive force and tion depth by using the Hertzian model of the elastic contact
the elastic response showed a clear correlation with surfacecombined with a double-spring model with variable spring
topography, in that the highest adhesion and elastic modulusconstants [21]. Both the original rubber layer and the rubber
were observed within the hole (Fig. 5). Higher adhesion of interlayer in the hole demonstrated a constant value of modu-
the rubber interlayer was a result of its higher compliance, lus for low penetration (modest compressions) followed by a
which led to a larger contact area at the pull-off point. Higher sharp increase near the stiff silicon surface (Fig. 6). However,
“apparent” elastic modulus within the hole was caused by the rubber interlayer under the topmost layer showed much
the proximity of the underlying silicon substrate. The high higher (three times) apparent elastic modulus as compared
resolution imaging of the surface (not shown) inside the hole with a free surface of the rubber layer. This difference can
demonstrated a morphology identical to the original rein- be related to the additional entanglements and cross-linkings
forced rubber layer. Hence, we conclude that the depositionintroduced by the photopolymerization of the reactive mix-
and photopolymerization of the PMA layer did not signif- ture penetrating into the interlayer as suggested above. It is
icantly disturb the nano-domain structure of the rubber in- worth noting that non-linear modulus depth profiles for the
terlayer. sandwiched coatings were similar to the variation of surface

We collected force—distance data for the initial rubber hardness reported for a nanocomposite layer from gold layer
layer freely deposited on silicon and the rubber interlayer in deposited on top of a compliant dendritic layer [28].
the hole after the topmost layer removal. The modulus value In the course of micro-mapping of various surface ar-
was obtained from these data as a function of a penetra-eas, we found that the elastic response varied significantly
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Fig. 6. (Top) a depth profile of the elastic modulus evaluated from force—distance data for the rubber layer grafted to silicon (filled circleshend for t
rubber interlayer probed within the hole made by pull-off test (open circles). The thickness of both layers was about 8.5nm in both cases. (Bottom) a
depth profile of the elastic modulus evaluated for the sandwiched coatings with for a different chemical content of the topmost PMA layer: 3vol.% of
HDM (left); 15vol.% of HDM (middle); and 30vol.% of HDM (right). Error bars show variations at different surface areas.

depending upon the precise location of the SPM tip (on in the realization of their non-linear nano-mechanical re-
top of the grains or in-between). The result of the eval- sponse, reflecting overall sandwiched architecture of the
uation of the depth variation of the elastic modulus are coatings.

presented in Fig. 6 as the averaged elasticity profiles col-

lected from 15-20 independent locations. The samples with 3.3. Friction and wear stability

3 and 15% of the HDM component demonstrated clear

non-linear mechanical response with higher initial modu-  Micro-mechanical probing demonstrated that the special
lus for indentation depth below 2nm, followed by lower trilayer architecture of the polymer coatings causes their
modulus at intermediate depths, and much higher valuesvery peculiar non-linear elastic deformational behavior. We
in proximity to the stiff silicon substrate. For indentation believe that the rubber interlayer positioned between the
depths below 1nm, the elastic modulus was about 2 GPa,stiff substrate and the topmost polymer layer absorbs the
which was close to the expected value for the PMA layer normal deformation stresses and dissipates the mechanical
itself. The sample with a high ratio of the cross-linker energy during compression. The mechanical stability of
(30%) demonstrated more monotonic nano-mechanical re-the “sandwiched” films under shear stresses is a critical
sponse because high cross-linking density resulted in moreissue for the application of these coatings for mechani-
uniform layered microstructure. This demonstrates the crit- cally loaded, mating surfaces. Therefore, ultimately, we
ical importance of well-developed grainy microstructure performed friction and wear resistance measurements on
for polymer layers with intermediate cross-linking density sandwiched coatings.
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Fig. 7. A value of friction coefficient against a steel ball vs. a number of reciprocal sliding runs for different surface layers at low (top) andtbigh (bo
normal loads.

The variation of the coefficient of friction against the unchanged response and were stable up to 20,000 sliding cy-
sliding steel ball as a function of a number of sliding cy- cles (the highest number of cycles tested in this work). At the
cles is shown for the sandwiched film with a thickness end of this test, the polymer coating showed a modest wear
of the topmost layer of 22.8 nm in comparison with bare track as shown in Fig. 8. The amount of carbon decreased
silicon surface, epoxy-composite layer of 15 nm fabricated in the partially worn areas and traces of the underlying sili-
and described earlier [29] and alkylsilane SAM (octade- con showed up in AES spectrum (Fig. 8). On this spectrum,
cyltrimethoxysilane, OTS, £§), which is a common molec-  the oxygen band became intense, showing that oxidation of
ular lubricant for silicon surfaces (Fig. 7) [7]. Atthe lowload the polymer layer under local mechanical stresses and tem-
of 0.3 N, which corresponded to local maximum pressure of perature was a predominant mechanism of gradual deterio-
660 MPa and a radius of the contact area of aboyirhg4 ration during repeated runs of the steel ball. The value of
both the sandwiched coating and SAM layer showed very friction coefficient was within 0.05-0.08 for the SAM layer
comparable micro-tribological performance. They, as well and reached 0.11 for the epoxy-composite film. The friction
as the epoxy-composite films discussed earlier [29], showedcoefficient was significantly lower for the sandwiched layer,
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surface areas (intact and affected) used for AES analysis (bottom plot analysis (bottom plot shows different labeled elements).
shows different labeled elements).

not exceeding 0.06 even for the highest number of cycles 4. Conclusions
tested. Finally, the reference silicon substrate without any
organic coating failed within 200 cycles after test initiation We demonstrated that a polymer trilayer film with a
(here and later all data were averaged over three indepennanoscale thickness of 20—30 nm can be designed to serve
dent measurements at various surface locations). as a wear resistant protective nanoscale coating for silicon
When the local pressure increased, the bare silicon failedsurfaces. This surface structure is formed by a multiple
almost immediately, followed by a complete failure of grafting technique involving chemical grafting of SAM
the epoxy-composite coating after only 200 sliding cycles and functionalized tri-block copolymer, followed by the
(Fig. 7). The SAM layer failed after 900 cycles and, finally, photopolymerization of the topmost polymer layer. The
the sandwiched coating was worn down after 3300 cycles. A unique design of this coating includes a sandwiched, triplex
sharp increase in friction force indicated direct contact and structure with a compliant rubber interlayer mediating local
seizure between the mating hard surfaces (steel-silicon).stresses transferred through the topmost hard layer. This
The worn area displayed a well-defined track surrounded by architecture provides non-linear mechanical response under
multiple debris that indicates a plowing mechanism of wear compression stresses and allows additional dissipation of
at the final stage (Fig. 9) [30]. AES data showed the signifi- mechanical energy via the reversibly compressed rubber in-
cant presence of iron and iron oxide in worn areas as well asterlayer. At modest loads, this coating showed a lower fric-
in the surrounding debris (Fig. 9), which confirmed severe tion coefficient than a classic molecular lubricant, alkylsilane
damage of both the silicon substrate and the steel ball. SAM. At the highest pressure tested in this work, 1.2 GPa,
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