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The behavior of the model lubricant system molybdenum disulfide gVieé®s been characterized as a function

of thermal oxidation on the atomic to nanometer scales with scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) in ultrahigh vacuum (UHV). STM studies of single-crystal pm8faces showed

that the initial stages of thermal oxidation produce atomic-scale pits and then molybdenum oxidg (MoO
nanocrystals 5 nm in diameter. The densities of pits and Mof@anocrystals and the size of MO
nanocrystals increased with increasing oxidation time. UHV AFM friction measurements made on these same
samples exhibited a direct relationship between defect density and friction for short oxidation times. After
longer oxidation times when well-defined Mg@anocrystals were present, load-independent friction was
observed. A model, which involves adhesion of Mo@nocrystals to the AFM probe tip end, has been
developed to explain this first observation of load-independent friction. The implications of these results are
discussed.

Introduction probing the microscopic mechanisms of frictibi3 Studies of
friction between probe tips and different surfaces have yielded
a number of interesting observations, including atomic scale
stick—slip motion®7 a linear dependence of friction force on
contact ared; -13functional-group dependence of frictiéhl?

and friction anisotropy:!'® Many of these studies have been
carried out on atomically flat surfaces where the defect density
is expected to be small, although this density typically has not
been characterized and correlated with friction. On the macro-
scopic scale, however, defects exist at sebdlid sliding
interfaces. Because it is possible that defects dominate energy

Such microscopic information is also of importance to many dis.sipation.dur'ing sliding, it is essentiql tp determine explic'itly

areas of nanoscale science and technology, including manipula{heir contribution to the observed friction between moving

tion and assembly of nanostructures and understanding thePodies.

behavior of microelectromechanical systems (MEMS). To address how surface defects influence friction, we have
AFM can be used to measure normal and lateral forces on Systematically characterized thermally generated defects on

the nanometer scale, and thus represents a powerful tool forsurfaces of the model solid lubricant Mp8sing UHV STM
and determined the resulting changes in friction on the same

* Author to whom correspondence should be addressed. E-mail: cmi@ S@mples by UHV AFM. First, UHV STM measurements on
cmliris.harvard.edu. single-crystal Mo% surfaces show that thermal oxidation
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Macroscopic studies of friction, adhesion, and wear have
contributed much to the phenomenological understanding of
tribology1~3 However, studies of the interactions between
macroscopic bodies are influenced by complex factors, including
surface roughness and adsorbates, that make it difficult to
develop a fundamental atomistic understanding of frictich.
Nanometer-scale measurements of friction and intermolecular
forces can disentangle the complex factors contributing to
friction, and thus provide data needed for developing micro-
scopic models and designing improved lubricants ratiorfafly.
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produces atomic-scale pits and subsequently Madocrystals
1-5 nm in diameter. The densities of pits and Mo@ano-
crystals, and the size of MaOnanocrystals increase with
increasing oxidation time. Subsequent UHV AFM friction
measurements on the same oxidized single-crystabMo$aces
show that initially, frictional forces increase with increasing
number density of defects. However, when well-defined na-
nometer-scale Mogxrystallites are produced at longer oxidation
times, load-independent friction is observed. These results
suggest that nanometer-scale materials can be utilized to design
lubricants with improved performance.

Experimental Section

The growth and characterization of Mg@anocrystals on
single-crystal Mogsurfaces have been described previotisly.
In our experiments, freshly cleaved, single-crysta-2¥bS,
surfaces were oxidized in purified oxygen at #T0for several
minutes. After oxidation, these samples, together with a freshly
cleaved, unoxidized Mosample, were transferred into a UHV
chamber (base pressure 5 x 1071 Torr) equipped with a
commercial AFM/STM (Omicron). UHV AFM and STM
investigations were carried out at room temperature. STM
imaging studies were made using electrochemically etched
tungsten tips in the constant current mode with the bias voltage
applied to the sample. AFM friction measurements were made
with bare, Au-coated (5 nm Cr adhesion promoter; 50 nm Au)
and Ti-coated (16 nm Ti) g4 tips. The modified SN, tips
were coated in an electron-beam evaporator. Friction measure-
ments were taken on atomically flat single-crystal MtsSraces.
The maximum applied loads were about 30 nN below that at
which wear was observed. All friction measurements were
performed with a sliding velocity of xm/s. Data points on
friction-versus-load plots were obtained by taking both forward
and reverse friction images with an image size ok 11 um
and a resolution of 51% 512 pixels. To determine the friction
value from the forward and reverse images, first the friction
value for every single line was calculated as half of the average
of the difference between the reverse and corresponding forward
friction scan lines. Then, a histogram, containing 512 line
friction values, was used to determine the average friction force
using a Gaussian fit. Normal cantilever force constants were
obtained from the cantilever thermal noise specttfifriction
forces were calibrated using a stepped (305) surface of a $rTiO
crystallé

Results and Discussion

Typical STM images of freshly cleaved and thermally
oxidized Mo$ single-crystal surfaces are shown in Figure 1.
Nanometer-scale circular features-®nm in diameter), which
appear dark at both negative and positive sample bias voltages,
are observed on the freshly cleaved surfaces (Figure 1a). == :
Previous studies have attributed these features to acceptor metatigure 1. Typical STM images of (a) a freshly cleaved MaSirface,
impurities substituted for Mo atom$The fact that the observed  obtained with a sample bias voltaggas= +0.6 V and a tunnel current
density of these defects is similar to the concentration of known ! = 0.1 nA, (b) MoS surface oxidized at 47€C for 5 min, obtained
metal impurities (Ti and V) in the natural single-crystal MoS ~ With Viias= —0.6 V andl = 0.2 nA, (c) Mo§ surface oxidized at 470

samples used in our experimedfsand that the density is . oF 7/ Min. obtained witViias = ~0.7 V andl = 0.1 nA. Surface
p p Sa y structures labeled 1, 2, 3 are metal impurities, atomic-scale surface pits,

approximately constant for unoxidized and oxidized MoS anq MoQ nanocrystals, respectively (see text for explanation). Image
surfaces (Table 1) is consistent with this previous assignment.sizes are 20 nm by 20 nm.

Thermal oxidation at 470°C produces two new types of

defects: atomic-scale surface pits and larger raised structuresacross the pits show depths, 6®7 nm, consistent with
1-5 nm in diameter (Figure 1, parts b and c, respectively). The removal of material from a single-SMlo—S layer. The raised
average number densities of both of these new defects obtained.—5 nm structures, which can be moved by the STM tip during
from about 30 STM images on each type of sample, increase scanning, have heights of 8:9.9 nm. Previous X-ray photo-
with increasing oxidation time (Table 1). Cross sections recorded emission studies have shown that Mo&an be detected after
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TABLE 1: Defect Densities on Mo$ Surfaces

defect types (18/cnP)
substitutional atomic MoOs
sample impurities pits nanocrystals
freshly cleaved 53 0 0
5 min oxidized 442 50+ 10 11+ 8
7 min oxidized 3H*1 510+ 90 190+ 80

oxidation at 460°C for 5 min in purified oxyger* Moreover,

we have shown previously that more extensive oxidation (480
°C, 5-10 min) produces Mognanocrystals +3 unit cells thick

and 206-500 nm on edge, and that these nanocrystals can be
manipulated with the AFM tip3-14Taken together, these results
strongly suggest that the-b nm diameter structures observed

in our experiments are Mo{hanocrystals. 1.0 ?m%g o838 gIFGOOOO

To investigate how these defects affect friction, we have used A AAAA &0 A&@w
AFM to characterize friction in UHV. The same samples od Dﬁbﬁ 2@ 0_o0°0
characterized by STM were investigated without removing them ~ 0-5 [~ ©c~o
from the UHV environment. Figure 2a shows that the friction
force on a partially oxidized MoSsurface (470C for 5 min)
is 2—3 times larger than that on a freshly cleaved Me&face
for similar applied loads with the same tip. The friction force
shows an almost linear load dependence on these two, MoS
surfaces with the friction coefficient on the slightly oxidized
MoS; surface 1.5 times larger than that on the freshly cleaved 19 |-
MoS; surface. On the basis of these data and the STM results,
we conclude that the friction force and friction coefficient
increase with increasing number density of surface defects. The
tip—surface contact area estimated from the Hertz model+s 10
30 nn? within the range of loads applied in the experiments. 0.6 — | | | | |
Taking into account the number density of surface defects (Table | 1 | | !
1), there are at most two defects under the tip at any time. The | o | (d)
increase of friction can thus be associated with interactions at )
these defect sites. The dangling bonds at surface pits should
increase the shear stress between the tip and,MaoBaces. 1.0 |-
Although we did not observe spatial variations in friction in o °m990%
these experiments, we expect that such variations should be o 0°0"0"0
observable with smaller tips. The fact that these surface defects 05 -
cannot be observed with AFM, due to the finite size of the probe
tip, highlights the importance of structural characterization down 0.0 |- I i \ I |
to the atomic scale in nanotribology. 0 10 20 30 40

The number densities of surface pits and Ma@nocrystals i
on the oxidized MoSsurfaces increase further with oxidation _ Applied load (nN) ) _
time (7 min samples), thus suggesting that friction should Figure 2. (a) Typical plots of friction versus applied load obtained
increase as well. Figure 2a shows that this is indeed true forW'-th a bare SN tip on freshly cleaved (squares), 5 min oxidized

. . . (circles), and 7 min oxidized (triangles) MgSurfaces. The friction

small applied loads. However, a completely different behavior  coefficients on the freshly cleaved and 5 min oxidized MeSrfaces
load-independent frictioriis observed at higher loads. To the are 0.020+ 0.001 and 0.031 0.001, respectively. The solid lines on
best of our knowledge, this is the first time that load-independent the plots for the freshly cleaved and 5 min oxidized MeBrfaces are
friction has been observed. We have carried out a number Oflin_ear I_eqst—squares fits to the data. The solid Iine_on the plot for the 7
studies to investigate the reproducibility and origin of this min oxidized Mo$ surface is an average of all friction values. The

. . : dhesion forces determined from foredistance curves aref 1, 7.0
remarkable observation. First, the same tip was used to measur 0.6, and 8.3+ 0.5 nN (in the order of squares, circles, and triangles).

friction forces vs load at different positions on the 7 min  They are the same within the range of error on the threeMoSaces.
oxidized Mo$ surface. Almost all of the measurements were (b) Friction vs load data obtained with the samg\gitip as in (a) at

found to exhibit load-independent friction. Five typical friction- different positions on a MoSsurface oxidized for 7 min. (c) Friction
versus-load plots are shown in Figure 2b. To ensure that our Vs load results for a new $i, tip on a 7 min oxidized MoSsurface.
observation of load-independent friction was not related to the Similar behavior was also observed using new Au-coated and Ti-coated
use of a particular tip, we also measured friction forces on 7 tips. The friction coefficient of the linear part, 0.0200.002, is smaller

. e - than that on the 5 min oxidized MeSurface because a different tip
min oxidized Mo$ surfaces with other uncoated, Au-coated a5 ysed here (tip radius: 28 nmy. (d) Friction vs load data obtained

and Ti-coated SNy tips. When using a clean tip for the first  on a 7 min oxidized Mogsurface with an uncoatedsSi tip (circles),
time, often a linear increase in friction at lower loads followed a Au-coated SN, tip (squares), and a Ti-coatedsSi tip (diamonds).

by a sudden drop to a constant friction value at higher loads is The uncoated 8N, tip used in (d) is the same one as in (c). The error
found. A representative plot obtained with an uncoated new bars in (b) and (d) are similar to those in ().

SigNg4 tip is shown in Figure 2c. Subsequent measurements maderepresentative plots obtained with alj tip, a Au-coated SNy

with these tips showed load-independent friction in more than tip, and a Ti-coated g, tip. These latter data also show that
80% of the experiments. Shown in Figure 2d are three specific tip chemistry does not give rise to the load-independent

Friction (nN)
o
=
|

1.2 -

0.8 —
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(a) ranges from 950 to 40 MPa for-5 nm MoG; nanocrystals
. with a value of 240 MPa for the typical 2 nm nanocrystal 3fze.
Conventional contact The shear stress determined from macroscopic friction measure-
s S S Y4 ments on Mogthin films ranges from 20 to 80 MPa in different
tip at tip at gaseous environmemkin our experiments, the exact area of

low load high load the MoG; nanocrystal adhering to the tip end is unknown. If
we consider larger (5 nm) Mofnanocrystals, the estimated
shear stress, 40 MPa, is of the same order as macroscopic values.
Few studies have investigated the sliding of well-defined
nanostructure%32223These include lattice-directed sliding of
MoS; substrate MoS; substrate larger MoQ nanocrystals on MoS sliding of G islands on
single-crystal NaCl(001% and rolling and sliding of carbon
nanotubes on sufacé%.The forces to slide or roll these

nanostructures have been measured, and have enabled well-

(b) defined shear stresses to be determined. But the load dependence
of these forces has not been studied. Recent studies on spherical
MoOj3 nanocrystal-mediated contact nanoparticles have shown that rolling rather than sliding of these
nanoparticles might play an important role in their performance

L/ . as lubricant$*25These nanoparticles includedZlusters* and

tip at ; related hollow W$ cage structure®. Our results reported here
low load indicate that Mo@ nanocrystals with a layered structure can
adhere to one sliding interface as a spacer. The Muoc-
rystals then maintain a constant sliding contact area under
different loads, and produce load-independent frictfolve
believe that this idea represents a potential approach for

MoS, substrate designing new lubricants for macroscopic contacts, and for nano-
Mo substrate and microelectromechanical systems.
Figure 3. Models of conventional and Mafnanocrystal-mediated ) )
tip—surface contact. See text for explanation. Acknowledgment. This work was supported by the Air

Force Office of Scientific Research (F49620-94-1-0010). K.C.R.

friction, and thus suggests that it is due to a property of the is grateful to the support from the German Academic Exchange
oxidized Mo$ surface. Service (DAAD/HSP llI-Program).

To explain the observed load-independent friction behavior
we propose a model in which the tisurface contact is

mediated by a Mo@nanocrystal (Figure 3). When a probe tip Clar(elrz dEgY‘"g?bej '}g,gﬁbSQ,tDﬁhe Friction and Lubrication of Solids

is scanning on the oxidized MeSurface, a Mo@nanocrystal (2) Fundamentals of Friction: Macroscopic and Microscopic Processes
can adhere to the apex of the tip. This produces a spacer betweesinger, I. L., Pollock, H. M., Eds.; Kluwer: Dordrecht, 1992.
the tip and substrate whereby the contact interface area is defined  (3) Handbook of Micro/NanotribologyBhushan, B., Ed.; CRC Press:

by the nanocrystal size, and the contact area does not chang%ﬁﬁzhggmé" E'& ﬁfﬁg{bggg%’ofiug‘;ss and Opportunities in MEMS

with load. Such a fixed-area sliding contact can explain the (4) Singer, I. L.J. Vac. Sci. Technol. A994 12, 2605. Bhushan, B.;
observed load-independent friction. This model is also in lIsraelachvili, J. N.; Landman, Wature 1995 374, 607. Krim, J.Sci. Am.

i i i 1996 275 74. Rozman, M. G.; Urbakh, M.; Klafter, J.; Elmer, F.d.
?greefmim V\.“th the faft thalt WPIen tllpsdare l(stedd(fjor 'I[h((aj first Phys. Chem. B998 102 7924. Harrison, J. A.; Perry, S. BIRS Bulletin
Ime, riction Increases linearly at low loads and suddenly drops 199g 23, 27. Landman, USolid State Commuri.998 107, 693.

to a constant friction value at higher loads; that is, the drop (5) Mate, C. M.IBM J. Res. De. 1995 39, 617. Carpick, R. W.;

occurs when a Mo@nanocrystal becomes fixed between the Salr?ée)rol\;htl\/l.%he'\rﬂn. ’\RAQ-C 1|9|5|9Z 37,611'\;53-E and R.: ChiangP8
H ate, C. l.; McClellana, . M. Erlandsson, K., lang yS.
tip and substraté’ , , Rev. Lett. 1987, 59, 1942.

In contrast, the contact area in a conventional contact between  (7) Overney, R. M.; Takano, H.; Fuijihira, M.; Paulus, W.; Ringsdorf,
atip and a surface increases with load, and thus friction increasesH. Phys. Re. Lett. 1994 72, 3546.

; ; ; ; _ (8) Carpick, R. W.; Agrédy N.; Ogletree, D. F.; Salmeron, M. Vac.
Wlth load as S.ho.Wn in Figure 3a. We dld.n.Ot observe load Sci. Technol. BL996 14, 1289. Carpick, R. W.; AgraiN.; Ogletree, D.
independent friction on the MeSurface oxidized at 476C F.; Salmeron, MLangmuir1996 12, 3334. Meyer, E.; Lthi, R.; Howald,

for 5 min. This suggests that there exists a critical size of ¥loO L.; Bammerlin, M.; Guggisberg, M.; Guherodt, H.-JJ. Vac. Sci. Technol.

nanocrystals needed to enable this phenomena. Although theB 1923)5 E;lhtlzzﬁA  oShea. S. 1 Welland. M. E. Johnson. KPhvs
average size increased only slightly with oxidation time, some g, ‘51667 55, 10776, Enachescu. M.. van den Ostelaar. R, J. A.: Carpick.

MoOsz nanocrystals were observed to grow together to form R.w.; Ogletree, D. F.; Flipse, C. F. J.; Salmeron, Rfiys. Re. Lett.1998
larger nanocrystals (5 nm by 3 nm) on the Mo&urface 81.(1g)77s. . 0. K . § &h
i o f H 1 chwarz, U. D.; Zvmer, O.; Kcster, P.; Wiesendanger, Rhys.
oxidized at. 470°C f(?r 7 min. For MOQi nanocryStals with Rev. B 1997 56, 6987; andPhys. Re. B 1997, 56, 6997. Schwarz, U. D.;
observed sizes ranging from 1 to 5 nm in diameter, the contact pjiers, W.; Gensterblum, G.: Wiesendanger, Fhys. Re. B 1995 52,
pressure is estimated to range from 50 to 2 GPa at the maximum14976. _ _ '
applied load of 40 nN in our experiments. For the most common ('\}Il)sggilégg%;&és%s%'ah; FA? ngrys' bA'é; V(\:/”%htor\fjé “2;155- Ltet;:ef,
. . . M. Sci . Noy, A.; Frisbie, C. D.; Rozsnyai, L. F.;
2 nm nanocrys’_tal size, the contact pressure is 13 GP{;\. Thes righton, M. S.: Lieber, C. M.J. Am. Chem. Socl995 117, 7943.
pressures are higher than the typical values;2GPa, obtained  Vezenov, D. V.; Noy, A.; Rozsnyai, L. F.; Lieber, C. M. Am. Chem.
in studies where single-asperity probe tips have been used ancﬁoz:-l?gl 119, 2006. herod o
i ; 12) Overney, R. M.; Meyer, E.; Frommer, J.;@hberodt, H.-J.; Fujihira,
the load dependence of theé‘s’[‘(}aﬂ area has been described using “zoan "W Gotoh, YLangmuir 1994 10, 1281. Green, J. B. D,
continuum mechanics modeis:® In addition, we estimate that  \cpermott, M. T.; Porter, M. D.; Siperko, L. Mi. Phys. Chen 995 99,

the shear stress between Mgp@anocrystals and MaSubstrate 10960. Marti, A.; Hahner, G.; Spencer, N. Dangmuir 1995 11, 4632.
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