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Final Report on Work Accomplished Tnder Carrent DOE BES Grant, 9715/02 -8/14/06
1. Research Activitles

1.1 Project Gaols

The goals of the grant were: {1) to measmre findamental tribological propertics of napo-zcale
single asperity contacts between rnaterialy relcvapt 1o micro- and nano-mechanical systems psing
aromic force microscopy (AFM), and {2} to analyze the successcs and shortcomings of the wide
anay of existing models of rough surfaces in contact, and then 1o Il in the gaps by developing a
versaiile now computational model of contact and friction that 1w apphicable to actual complex
device swriaces. Indeed, one of owr major findipgs is {hat ne curent models sufficlenty
described the characteristics of the sirfaces we are sindying.

‘The materials targsted initially weze: (1) slicon-based matcrials used in leading-cdge surface
wmicromachined devices, nzmely silicon apd silicon oxide wilk specific self-assembled
monclzyer lnbricant surface treatments; and (2) nliramanocrystallins diamond (UNCD) thin {ilms
with & variety of surfece treatroents, which have outstading inschanical propertics and ave nnder
investigation for a wids range of device applications. The mvestigations were widened to inchude
diamond-like carbon (DLC), near-frictiosless carbon (NFC), uanocrystalline diamond (NCD3,
and etrahedral amorphous carbon (ta-C), as well as graphite and dizmond referonce samples to
lead to a comprehensive areay of the most important caybon-based filis that exist. Fpitlal rasulis
o these sanrples have been obtamed, while most progress was made studying UNCD,

A key related goal was to collaborate with vesearchers at Sandia to compare our results to
larger scale tribological measurernents of the same materials, specifically gelf-assembled
monolayer (SAM)-coated silicon surfaces, mbjected 10 fe-city tribological tesling in a Sandia
MEMS actuator devics krown ag the Narotractor.

L& Discoverfes

1.2.1 Studies of SAM Films™. We have discovered new comngotions between specific
propertics of the surfaces of the materials upder study and their nanotribological characteristics
This provides new, basic insight hnto the underlvimg mechanisms of friction at the molecular
scale. These regults naturally lead 1o new nano-scals constitntive Iaws for use by an interfacial
contact model that can predict contact arca, comtsct stresses, adbhesion, and friction of wmulti-
nsperity intcrfaces that are relevant to a wide range of micko- and nano-mechanical devices.

First, collaboranve studics wilth Sandiz were camisd out to ivestignte the fundamental
characteristics of fhiction m an actual silicon MEMS device. Studiss wers conducted with a
device designed at Sandia cafled the ranciractor which is discussed in further detail in Section
II. The device can be fabricated with uneoated surfaces (.. the native sflicon oxide) or with
SAM coatings, including two huear hydrocarbons, octadecyl-trichlorosilene (chemical formula:
CullyrSiCls, abbreviation: QDTS) and octadecens (cherical formula: Cygliys, abbreviation:
OD), and & linear fluorinated moleculc, mdecafluoro-1,1,2 2-tetrahydrooctyDiris-
{dimethylaming)-silane  (chemical fc-nnula_ CF;{CFQ;{CH;};S:{N[CI—I;};};, abbreviation:
FOTAS), These are discussed in more and illustrated in Seetion II.

We showed thet the napotractor is & ing vehiclks for r-sifu friction and wear studies of
MEMS. Alihough more experiments needed and further devclopment of the testing
methodology is required, several initial ;




« The nanotractor typically

! ' fails via interfacial seizure due
1 ] to wear processes at the
§ shding materfaces under well-
%us chatacierized loading
= M conditions.
— ¢ Tests conducted under

flldﬂarl mrm mmmmﬂ- mﬂdﬂﬂi’ﬂ{)’ low apparent

Flg. A Vedation of fricuon maﬂlcimt with qumbcr of frlotion teaty  DICHSUTES (<30 kPa} lcad to
pafprmued for twe Nanotrector samples. {2) Friction coefficient v nouc?a_hla wear of the
swmber of test oydles for an oxidesconed yurface {no SAM coating), () pelysilicon surface wWas
Friction cocfficlent vy, number of 1ee cycles for 2 FOTAS mnnula:,rm ohaervad.

coated surface, showing dramatcally mmproved peclomunee, ¢+ A monolayer lubricant
gignificantly enhances the

wcar resistanee and frictional propertics of MEMS surfaces (Fig. A) ODTS exlubits the lowast
friction coefficient, while FOTAS cxkibita the best wear performance
s Small changes in surface rovghness have an affect wear proparties, but not as large an sffect
as the motwolayer coatings have.
¢« The friction coefficient can vary substentially long befors failure, and before device
performance (such as trave] distapice) is altered.
¢ The atornic force microscope (AFM) cen be ppplied to study surface modification without
dissembling the nanotractor device, becavse of the larpe tavel distances (220 pum) that the
naaotractor ndergoss during a wear test, leaving an cxposed wear track for imvestigation.
Therefore, i firure studies it should be possible {o condust wear and AFM tests sequentielly on
the same device to follow the evelving topography.

Investigations were performed in parallel t determine the nanoscale frictional propertiss of
the alkylsilane monolayers using AFM. These mondlayers are comumonly used i MEMS o
reduce adhesion and friction. Three differsnt SAMs on silicon, which are described in more
detail in Sectton II, were compared: (ODTS), octadecene (OIY), and (FOTAS).

For the ODTS momolayer thers are two phases evident; the liquid condensad phase shows
megsurably lower friction at iow loads than the liquid expanded phase (Fie. B), demonstrating
thet Jower friction is associated with higher packing density of the molecules. In addition,

reproducibility is improved when wsing SAM-

— B Aa-a coated 1ips as ¢orapared to unceated tips. For the
. FOTAS monolayer, reproducibility of friction

and adhesion measurcments depends on the
scanning hastory of the tip. These rasulls indicate
that tmnsfer of S5AM wmolecules or other
contamihants to uncoated Lps is commen
‘t phenorpenon, and has o signifcant effect on the
' e TELC messired friction and adhesion forces. This has
ettt et b o o e 1] widsr imoportence for the acquisition of

w0 N ey " reproductble AFM nanotribology measurernents

Fig. B. A [friction vs load ploi for he ODTS in general, and stromgly suggests that AFM
monolayer for the diiferent phase regions nsing an  rescarchers showld strive to characterize and
ODTS-coatod AFM bp. contro] the chemistry and siruchwe of their tips
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to obtain meaningful measuremcnts. Also we see that adhesion is slightly lower for FOTAS
compared 10 ODTS, but friction increases more rapidly, leading to higher friction at igher loads,
i agrecthent with actral MEMS measurements,

1.2.2 Studies of Carbon-Based Thin Films

Chemical optimization of the UNCD swface to control tribology at the nanascale™. Tn micro
and sano-scale devices, Hiction e to high sdhestve forces (stiction) 15 1he main cause of failure
e to inereased surface 40 volume ratio. Io our studics on UNCD thi films, we have shown for
the first 1ime that UNCD surfaces can be tatlored at the atonvic zoale o reduce adhcsion to the
van der Waalg’ limit, ipdistinguishable both chemically and adhesively from single crystal
diamond, To aclieve thiz goal, we devised a new methodology to laok at the wunderside of the
UNCD filin by etching away the subsirate md medifyitig 1s swrface chemastry by bydrogoen
ternination. By usmg atomic force microscopy, we measured adhesion and friction an UNCD
surfaces, and by using syachrotron X-ray spectroscopy techniques we confirmed the bonding
configaoation and ¢hamical state responsible for such a low sdhesion. Cur methodelogy is not
caly applicable to dismond-based MEMS devices tut conld very well be extended to afl thin
filn materials, incloding Si apd $iC.

Micro and nuno-scale wear apalysis ustig X-PEEM-NEXAFS specrovsicroscopy™®. X-
PEEM/NEXAFS allows one W take e igh-resolution photoslectron microscope image of a
sarnple and simultanesnsly perform spatially-regolved {50 mn or better) chemical gpectroscopy
uging NEXAFS, [n this case, 4 wear track produced on the UNCD surface by pin-on-disc type
wear testing apparaius is analyzed. The analysis of the wear tack shows the presence of oxygen
and S sub-oXxides in the wear track, indicating that a transfer laver was formad by the wearing of
the 8izNs ball against UNCD. These kind of smadies provide wnvaluable insight indo the
robustness and rafiability of UNCD a4 a siructural material for advenced MEMS devices,

Duamond lthe carbon (DLC) thin films'™, DLC films are antcactive for MEMS applicaions
because of their mechanical and frictional properties. More importantiy, the deposition process is
simple, casily scalable and works at oo temperanmre. We have Jooked at variety of DLC fikns
with high and low hydrogen content mnd as well ag with dopants such as fluotine and 3i. The
highlighis of results are smmarized below,

s We have shown that for the self-mated teirabedral amorphous carbon (ia-C) intesfave, the
measured adhesion values are equivalent to those of sipgle arystal diamend.

v The {ow adhesion values are smble even after anmealing these films in vacuum 2t ~800 °C.
These finding arc very mportant for applications which require low friction and adhesion z¢ high
temporatires.

* NEXAFS siudies on thermelly agpealed ta-C films at high ternperatures has shown
mdications of structoral fransfonmations leadmg 10 everall increase in sp’-bonded cacbon content
ip the flm. Theee finding are very important in the context of understanding physice of sircas
relief behavior and its relation with bonding resrangament in these filns.

» Si incorporated DLC found to be more steble 45 compared to F incotporated DLC when
arnsaled in air at temperatures ~300°C

12,3 Modeling and Simulation"'**, We have doveloped a “summit scarch” method to
investigate the geometry of summits at differens lengih scalos of porfaces imaged by atomic force
microscopy (AFM), Tn this method, (he height of each sample point (pixely of a surface is
compared to the heights of all neighboring sample points that are within 2 squars region with size



Fig C. {z) 3]12x512 pixel AFM images of the same ragion of 5
polycrystalline ailicon suface with BMS rowghmess ~ 3 mm, taken
at 10 am and 1 pw fingef) sean mizes. ) The mages i (o) ars
apalyzed tp getermine the avermge redins of curvwure usmpE a
supnlt seach glgonthm wharin a puccl of an AFM ivago is
determined 10 bo ¢ sumenit {with an 2ssocialzd radivs of curvature)
if i3 haight 15 grealor than the heights of all noighborieg preels
within a disace 4/2. This plot shows that the rammits for the
surface becoms inccmingly sharper o= the aeiphborbood size d
decreases, indicoting thul msamres such as oumbey of asperitics
Der areh, sverage asperify beight and average asperlty curvabire

4 by d. When a summit is found, we
computs its radivs of corvanre, with
the results {averaged over the
specimen) showa in Fig C.

These results show that summit
dengity, height, and curvatmre of
AFM  images of actual silicon
MEMS sarfaces have a power law
relationship with the sampling size
used to define a swrmit, and most
importantly, ro well-defined valoc
for any of these measures is found,
even at the smallest experimentally
accessible  length  scale.  This
behavior, and its similariiy to results
for fractal Weiarstrags-Mandelbrot
{W-h) fuonction epproximations,
indicate that a muhiscale model is

requirsd to properly describe these
surfaces. Indeed, our method may

are rénle dependept. ! !
provide for more straighdforevard

determination of fractal dimension than the power spectral density method,

A multiscale contacl model is developed using & surface having numerons length scalss for
roughness wherein the smaller roughness scales are smeccssively modeled as asperities that are
superposed on the asperities of the next larger scale. With this model, the total coniact area
predicted wilk ¢lastic Hertz single asperity behavior approaches a limit with increasing nutnber
of roughness scales. Furthenmore, when the ecale-dependente of the heights and radif for AFM
mmages are used, as obtained from our surnmit analysis method, the contact area calculatad does
ot depend on the scaling Tatio that separates roughmess scales. This ks important ag it shows thet
a simpler surface representation with large scale constants and fewer scales iz valid.

1. Extimata of the Unobligated Balance

Az required by DOE, wre have estimated the wiexpended fundz thet will remain o the end of
the current project period {%/15/05). Based on our current spending rates and obhigations, we
¢Rtimats this amount to be Zero,

3. Onaiput, Collaborations, and Personncl

Our inital proposal, grant DE-FGO2-02ER46016, cntitled Development and integration of
single-csperity hemotvibology eaperiments and nonoscale Interface fimite eloment modeling for
prediction and comivol of friction and domage in whcro- and nono-mechoanieal systems,
commenced on 9/15/02, The Pls have been extremely productive, with substemtial new
discoveries made, several collaborations catalyzed, and multiple personnel supportsd.

3.1, Dissemination: Papers and Preseniations

Work stamming dirgefly from this funding has been pressmted so far in five published peer-
reviewed journal articles, two pesr-revicwed confarence proceedings papers, and six additional
conlerence proceedmgs papers, One finther peer-reviewed joumal article has resulted partially
from this support, Thera are 9 further papers in advanced stages of preparation for peer-reviewasd



Joumals. High=impact articles have also been partmally enabled by thus grant. the PI anthored an
invited book chapter in the Handbook of Nanotechnology, and has accepted an invitatson to co-
author a review amcle in Maf Sci Eng. Repowts. During the grant period, owr resolts have
dirceily attracted ower 40 mvited talks at natiomal and intermational meetings and imiversity,
industry, and lab sethogs by the Pls and in soroe ceses by ther personnel An additiopal 23
contributed talks have been pressnted by the personne] supported by this graut. The complete
details of these papers and presentanions are histad in the Appendix,

3.2, New Bastc Science Colluborations and Projecis Catalyzed

This significant output hes been aided substentially by several synergsstic collaborations that
this prant calalyzed. An active collaboraiion wath researchers at Sandia Nabional Laboratenes
who study MEMS tribology and modeling has flourished, and 13 discussed finther o the Project
Description below The research has been closely coordmated {see Rerearch Discoveries below)
The PI's participated in a synergishe Szndia TDRD project wilh these rescarchers enbtled “High
Fidelity Frictional Models for MEMSs,” and a small subcontract to UW-Madison from this projéct
was provided from 2002-2004, The PI participated by wmvitation with 1wo DOE “Center of
Excellence for the Synthesis mnd Processing of Advanced Materials” (CSP) programs entitled
*Carbon-based Napostructared Matanals” and “Experimental and Computational Lubrication at
the Nanoscale™, The PI also successfully proposed two user proposals for DOE “Nano-Centers™,
specifically through the Ceater for Integrated Nanotechnologies {CINTY at Sandia National
Laboratories (collaborating PI° Dr, M. Chandross) end through the Center for Nanoscale
Matcrials (CNM) at Argomne Mational Laboratories (collaborating PI- Dr. LA, Carlisie) In the
case of the CINT propassl, this resulted i a grant of $40,000 provided to the Sandia researcher,
Dr. Chandrogs, to support his work on the collshoration A new collaboration, between co-FL
Plesha and T, Voaier of Sandia National Laboiationes has begun on the physies of high speed
behavior of particulate materials, where tha main issues are parbiele-particle friction snd particle-
solid media interacthion, s well as compuational modeling. Presently these investigators have
pending a Sandia LODRDY proposel catitled "New techniques for modeling dynamic behavior of
powderad matzrials”.

The ¢ollaborations have involved several DOE researchers: Dr. A Erdenur, Dr. J.A. Carlisle,
and Dr. O. Auciello (Argoone National Laboyatories), and Dr. T A, Friedmamn, Dr. MLP. de
Bocr, Dr. M. Chandross, Dr. ED. Reedy, Dr. T. Vogler and De D, Segalmean {Sandiz Nationeal
Laborataries).

Collaborationg with other universiry-based regearchers bave also resulted from this wotk:
Prof. W.T. Tyso¢ (University of Wisconsin - Milwaulcce; topic. macroscome UHV tribometry of
near-fyictionless carbon), Prof. W&, Sewyer (University of Flonda; iepic modeling and
experiments on rough surfeces), Prof. G, Swain (Michigan State Uiniversity; topic. boron-doped
nanocrystalline diamond).

Now collsborations with faculty at the PI's mshiution, the University of Wisconsin-Madisam,
have slso bean catalyzad by the DOE funding. This includes: Prof. I Szinfarska (topic:
Molecular Dynamics sunulations of frction), Prof, G. De Stismo {topie: high resolution
spectramicroscopy of tribological interfaces), Prof. L.E Lawler (topic: use of plasmas for carbon
film growtiy, Dr. Kumar Sridharen {topte: synthesis and aibologeeal charactenzation of
diamond-like carbon via plasta ion wnmersion technology), end Prof, D. Kammser {with Dr. D.
Segalman of Sandia Nauenal Laboratories) on the topic of frichens] enerpy dissipation as a
gource of daniping in struchural vibrations,



The collaborations catalyzed by this grant have Jed fo the submission of several proposals 0
other agencics. These new mitiatives are in the general area of nanotribology and nanomechamcs
of surfaces and serve to cnhance the level of activity and discovery in these areas, with potential
synergistic benefit to DOE priorities.

Also thimks to this grant, we have becoms new users of 3 major DOE user facility, the
Advaneed Light Source at Berkeley, We are conducting X-tzy absarption and pholoemission
spectromicroscopy experiments there,

3.3, Industrial Collaborations

Three industrial collsborations have also been catalyzed dirscily as o resnlt of this DOE
grant. We aze collaborating with Advanced Diamond Technolegies, Inc. (ADT) on the
characterizahon of wear-resistant uitrananocrystalline dimmond, We assisted ADT with some
consuliing that resulted in 2 successfz! SBIR grant awarded to ADT. A small subcontract from
[hat award was made 10 oar group for this spplied characterization work which budlt on the basic
rcsearch work cerried out under the DOE grant. We are dlso interacung with 3M Corporation,
who provided the PI with an “Untexmred Faculty Award”. Through collaboration wish 3M
regearch scientist Dir. T, Dunbur, we chose 1o devote these funds to 2 study of the Frictional
propertiss of atkanephosphonate self assembied monclayars. This study complements the work
on silane monolayars that is being carricd out under the DOE grant aad has provided additional
{nsights 1o the tribological properties of these systems. Fimally, a collaboration with Prof Frank
Piefferkom has led to the submission of 2 proposal for an “Industrial & Econemic Development
Research Program™ grami from the Siate of Wisconsin (pending). The grant would fupd &
combination of basic and applied research in coliaboration with Performance Micro Tool,
Tanesville, W1, to study the application of nanocrysalline diamond coatings vo the surfaces of
high-parformance micro-endmill tools, The goal is to develop coatings that mmimize weer and
stergy ¢opsnmplion diring precision machining operations.

3.4, Hwinan Resource Development

The ewrent grant have been used to aupport salary for Pls Carpick and Plesha. This was
coumbined with finds from other granig o provide summer salary to sliminate the need for
summser teaching. This cnabled & suhstantial amount of time to be devoted to the ressarch.

Three graduates smdents were supported directly or indirecily by the current grant: Mr. C.
Bora (advisce: Plasha), Mr. D. Grergon (advisor: Carpick), and Ms E. Flater (advisor: Carpick).
Ms, Flater’s suppett was primarily provided by a NSF Graduatc Fellowship, and by the LDRD
projsct fiom Sandia mentioned shove. We nots that Ms. Flater won o Best Poster Award, 25th
AVE Anmugl Symposium on Surface Analysis (June 2003).

Thess three students sl bogan their Ph.D. rescarch during the mitial grant period, and have
sl made substaptial progress toward their goal. All have passed their Initiel department
Quaiilymg Examination, their Ph.D. Preliminary Examination, Dr. Flater praduated with her
Ph.D. in April 2006, and began a faculty position as an Assistant Professor in the Physics Dept
of Luther College, lowa. During the course of the grant, Dr. Flater speni one month i Sandia
National Laboratones in the summer of 2003 working in the lab of our collaborator, Dr. M.P. de
Doer, on MEMS tribology measurements. This resulted in a publication and new aspects io the
Tesearch,

A postdocteral rescarcher was also hired and supported by this grant. In recopmiiton of his
strong background and impressive progress and fpitiative, Dr. Aniradha V. Sumscoi was
subsequently promoted o the statns of Asgistant Scientist (staff scientist) at YW-Madison in
Novemgber, 2003. Dr. Swmant is an expert ju semiconductor dnd diamond film symthests and



characterization and bas helped to catalyze many of the ideas pursued in this work. He
subseguently was hived at Argonne Mational Laboratorics as an Assistant Materials Scientist in
the Center for Nanoscale Materials.

Several wndergraduates have besn supported directly or pertially by this grant, and have
gained valuable research experience. Most notably, Mr. Mark Steet (B.Sc., Enginearing
Mochanics, 2006) devoted over r year of work to the projcet, culminating in a summer reasarch
project conducted at Sandia National Laboratories in the summer of 2004, again working in the
lab of our collaborstor, Dr. M.P. de Boer on MEMS wibology measurements. Another
vndergraduate smdent, My, Oraham Wabiszewski, condncted cver a year of 1esearch oo the
grant, He has now become a Ph.D. student at the University of Pennsylvanis, Dept of
Mechanical Engineering and Applied Mochanics. Three other undergraduates have condusted
woric on this project, including two stedents who devoted their genjor research thesis project o
topics related to this grant. One of (hose, Mr. Jason Bares, is now a Ph.D. stodent at the
Lrnversity of Florida, Dept. of Materials Science.

Finally, during the course of this gmnt, Prof. Carpick waa recoramended for promotion to
Associate Professor with Temure. He has since re-loceted to the University of Peninsylyania,
Dept. of Mechenical Enginsering and Applied Mechanics, effective 1/1/2007,
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