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Abstract

Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) have been used to characterize the structural and
electronic properties of single-crystal MoS,. nickel-substituted MoS, (Ni,Mo, _.S,), and chalcogenide-substituted MoS,
(MoS, _,Ch,, Ch = Se, Te) at the atomic level. Images of Ni,, Mo, ,S, demonstrate that nickel substitution causes localized
changes in the electronic states, although the structure of the surface sulfur layer is unchanged compared with MoS,.
Investigations of MoS, ,5Se, -5 also show that within the detection limits of AFM selenium substitution does not perturb the
sulfur surface structure, and STM data further indicate that the substituted selenium is electronically delocalized. In contrast.
AFM studies of MoS, ;sTe,, »s show that tellurium substitution produces atomic-sized structural protrusions that may modify
significantly the tribological properties of MoS,. In addition, we demonstrate that material wear can be characterized on an
atomic scale by AFM. These studies indicate that the microscopic origin of material wear as well as the local structure and
electronic properties should be considered to develop further models of friction and wear in metal dichalcogenide materials.

1. Introduction

Molybdenum disulfide (MoS,) has been one of the
most widely studied solid state lubricants [1-8]. The
useful tribological properties of MoS, have typically
been rationalized in terms of the unique quasi-two-di-
mensional layered structure of this solid (Fig. 1) [1].
This structure consists of covalently bonded three-atom
S—Mo-S layers that are held together primarily by van
der Waal’s forces [9,10]). The very weak interlayer
bonding gives rise to a small layer—layer shear energy,
and hence layer—layer sliding friction is low. Interest-
ingly, MoS, has the best lubricating properties of any
of the transition metal dichalcogenides even though
many of these materials are isostructural. It has thus
been apparent that properties in addition to the layered
structure must cause the different tribological properties
observed experimentally in the metal dichalcogenides.
Several studies suggest that differences in the electronic
structure of the transition metal, for example, d>-Mo vs.
d'-Nb, can explain observed variations in friction for
structurally similar materials [3,4]. These qualitative
structural and electronic ideas can be used to explain
macroscopic friction in the metal dichalcogenide mate-
rials; however, a detailed microscopic picture that re-
lates atomic level structural, electronic, and tribological
properties to macroscopic wear and friction has yet to
be developed. It is essential, however, to develop such a
microscopic model since it would enable the rational
design and development of modified or new materials
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that have improved lubrication properties compared
with MoS,.

To develop a more detailed understanding of MoS,
and other metal dichalcogenide materials we have been
using scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) [11-13). STM and AFM can
provide direct atomic resolution data that address the
structural, electronic, wear, and frictional properties of
interfaces [11-16], and herein we report studies of
single-crystal MoS,, Ni,Mo,_.S,, MoS,_.Se,, and
MoS, _ Te,. These investigations address at the atomic
level the structural and electronic properties of MoS,
and how these properties vary on metal (nickel) and
anion (selenium, tellurium) substitution. In addition, we
have carried out preliminary studies of atomic-scale
wear in the metal dichalcogenide materials.

2. Experimental details

Single crystals of MoS,, Niy,Mo,y,S,, MoS,_ . Se,
(x =0.25,0.5) and MoS, ,sTey,s were grown from
polycrystalline powders by chemical vapor transport
[17-19]. Briefly, a stoichiometric mixture (5g total
mass) of molybdenum and sulfur was sealed in a quartz
tube under vacuum and reacted for 10 days at 1000 °C.
Following reaction, the polycrystalline powder was
ground and resealed under vacuum in a quartz tube
together with excess sulfur (60 mg) and iodine (100 mg).
Crystals were grown in a 50-100°C gradient

" 1991 — Elsevier Sequoia, Lausanne



356 C. M. Lieber, Y. Kim | Scanning probe microscopy of metal dichalcogenides

S
van der Waals S
interaction

S S S S
S S S S

Fig. 1. Schematic diagram of MoS, illustrating the two S-Mo-S
layers. These layers are held together by van der Waals' forces.

over a three week period. The crystals obtained from
the growth region had the expected plate-like layered
morphology and varied in size from | mm x | mm to
3 mm x 3 mm. The metal- and chalcogenide-doped ma-
terials were grown using similar conditions. Elemental
analyses (XPS, AES and atomic absorption spec-
troscopy) showed that the metal and chalcogenide sub-
stituted crystals were stoichiometric.

The scanning tunneling and atomic force microscopes
used in these studies were commercial instruments
(Nanoscope, Digital Instruments, Inc.). STM images
were recorded in the constant current mode with plat-
inum—iridium (80%-20%) alloy tips that were mechan-
ically formed. The AFM images were recorded in the
constant force mode with microfabricated cantilevers.
A laser—position sensitive detector system was used to
determine motion of the cantilever. Experiments were
carried out on freshly cleaved crystal surfaces in air and
in an argon-filled inert atmosphere glove-box equipped
with a purification system for the removal of water and
oxygen; the atomic resolution data obtained in both
environments were similar. The calibration of the piezo-
tube scanner and the analysis of the digital image data
have been described previously [11-13].

3. Results and discussion

STM and AFM gray scale images of cleaved MoS,
single crystals are shown in Fig. 2. In these images light
corresponds to raised surface features and dark to
depressions. The STM image of MoS, exhibits a hexag-
onal lattice with a period of 0.31 + 0.01 nm. This lattice
constant is consistent with the sulfur—sulfur lattice
spacing determined by crystallography and is similar to
previously reported STM results for MoS, [20, 21].
AFM images of MoS, crystals also exhibit a hexagonal
structure with a period of 0.32 +0.01 nm. The AFM
and STM results thus yield a similar picture for the
surface structure of MoS,. Furthermore, these data
serve as a reference with which the STM and AFM
studies of the substituted MoS, materials discussed
below can be compared.

Fig. 2. 9 nm x 9 nm images of MoS,. The (a) STM and (b) AFl1
data are unfiltered. The white scale bar corresponds to 0.9 nm.

We have used STM and AFM to characterize for the
first time the local structural and electronic properties
of Ni, Mo, _ .S, single crystals. These nickel-substituted
materials are a particularly attractive system for high
resolution studies since recent work has shown that
nickel-containing MoS, thin films have enhanced tribo-
logical properties compared with pure MoS, films
[22, 23]. The structures of the single-crystal x = 0-0.1
materials determined by single-crystal X-ray diffraction
are the same as that of MoS, and, therefore, it is
apparent that nickel substitution does not change the
average structural properties of MoS, crystals. Typical
atomic resolution STM and AFM images of cleaved
Niy ;Mo0g,S, crystals are shown in Fig. 3. The AFM
image, which reflects primarily surface structure, ex-
hibits a regular atomic lattice with a period of
0.31 + 0.01 nm. This structure corresponds to the sur-
face sulfur atoms and is similar to the surface structure
of MoS, determined by AFM. Careful analysis of the
vertical corrugation of the sulfur atoms determined
from the AFM images of Niy ; Mo, 4S, shows that there
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Fig. 3. 2.5 nm x 2.5 nm images of Ni,, Mo, ,S,. (a) The STM data
have been filtered to remove high frequency noise; (b) the AFM
image is unfiltered. The defect in the STM image is marked with a
“D™. The white scale bar corresponds to 0.3 nm.

are peak-to-peak variations in the sulfur corrugation
for the nickel-substituted material that may reflect
differences in Ni—S vs. Mo-S bonding. Small peak-to-
peak corrugation variations are, however, also observed
in pure MoS, and thus additional studies will be needed
to confirm this point.

In contrast to these AFM results, STM images of
Ni, Moy ¢S, exhibit pronounced defects (D) in the
hexagonal atomic lattice (Fig. 3(a)). These defects cor-
respond to regions containing several surface atomic
sites that have a corrugation 50%-70% lower than the
surrounding lattice. Since the AFM data conclusively
show that there are no large structural variations due to
nickel substitution these defects can be attributed to a
variation in the density of electronic states due to nickel
in the lattice [24-26]. Hence, we can conclude that on
the atomic scale nickel substitution appears only to
affect the electronic states near the Fermi level and not
to perturb significantly the structure. Such localized

Fig. 4. 9 nm x 9 nm (a) STM and (b) AFM images of MoS, ;55¢ »5.
The selenium does not perturb the surface structure significantly in
these materials. The white scale bar corresponds to 0.9 nm.

electronic changes are not expected to enhance layer-
layer sliding or material plasticity, and thus additional
studies will be required to elucidate the microscopic
origin of the reduced macroscopic coefficient of friction
observed in nickel-containing MoS, thin films [22, 23].

To investigate further the structural and electronic
effects of substitution in MoS, we have also investi-
gated selenium- and tellurium-doped MoS,. X-ray
diffraction studies of MoS, ;5Se;,5s and MoS, ;5Teg s
crystals have shown that the 2H-MoS, crystal structure
is retained for this substitution level. The small system-
atic changes in lattice parameters with substitution fur-
ther indicate that replacement of sulfur with selenium
or tellurium is random. Atomic resolution STM and
AFM images of MoS, ;5S¢ ,5 exhibit a similar hexago-
nal lattice with a period of 0.32+ 0.0l nm and
0.32 + 0.01 nm respectively (Fig. 4). In addition, the
observed atomic vertical corrugations in these STM and
AFM images are similar to the corrugations determined
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Fig. 5. 8 nm x 8 nm images of MoS, ;sTe;,s. (a) The STM image
has been filtered to remove high frequency noise; (b) however, the
AFM image corresponds to raw data. The small arrow in (b)
highlights one local atomic protrusion. The white scale bar corre-
sponds to 1.0 nm.

from the images of MoS,. These STM and AFM data
show that the electronic and the structural properties of
the MoS, crystal surface are not perturbed significantly
by selenium substitution and, therefore, it is expected
that the coefficient of friction for MoS, ;5Sey,s will be
similar to that for MoS,.

In contrast to the data for the selenium-containing
materials, we observe significant atomic level structural
changes at the surfaces of tellurium-substituted MoS,.
Typical images of MoS, ;sTe,,s are shown in Fig. 5.
The STM image exhibits hexagonal structure with a
period and vertical corrugation that is the same within
experimental error as we determined for pure MoS,.
These results show that there are no large local pertur-
bations in the electronic states in MoS, ;5Teg,s, and
thus we suggest that tellurium substitution is electroni-
cally delocalized. Unlike the STM data, AFM images
show well-defined atomic size protrusions in the hexag-
onal lattice (Fig. 5(b)). The number of protrusions
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Fig. 6. Schematic view illustrating a possible structural manifestation
of tellurium substitution based on the AFM data. In this model the
tellurium sites reduce the layer—layer interaction relative to pure
MoS,.

scales directly with the concentration of tellurium in a
series of MoS,_,Te, materials, and thus we suggest
that these features correspond to a direct observation of
tellurium atoms in the lattice. It is possible that these
localized structural features may reduce the layer—layer
interaction in MoS, _  Te, vs. MoS, as shown schemat-
ically in Fig. 6. An increase in layer—layer separation as
indicated in Fig. 6 should occur at the relatively high
concentrations of tellurium in our materials. Low tel-
lurium concentrations could, however, inhibit shear due
to localized lattice distortions. Hence, it will be impor-
tant in the future to determine whether such structural
protrusions affect the macroscopic coefficient of friction
in these substituted materials.

Lastly, we have used AFM to study wear in the
transition metal dichalcogenide materials at the atomic
level. Previously, differences in macroscopic frictional
propertics of structurally similar transition metal
dichalcogenides, such as MoS, and NbSe,, have been
attributed to variations in layer-layer sliding due to the
distinct electronic structure of the metals (e.g. d>-Mo vs.
d'-Nb) [3, 4]. To investigate the validity of such models
further we have expanded our AFM studies to include
measurements on NbSe,. A series of AFM images
recorded in the same spatial area as a function of time
are shown in Fig. 7. It is readily apparent from these
images that during the 9 min time interval between the
acquisition of the two images NbSe, material is worn
away from the surface by the AFM tip. No such
material wear has, however, been observed on surfaces
of MoS, imaged for a similar time period. These pre-
liminary results show that atomic-scale wear on NbSe,
and MoS, single crystals differs significantly, and we
suggest that these differences may also play an impor-
tant and as yet unrecognized role in determining differ-
ences in the tribological properties of the metal
dichalcogenides.

4. Conclusions

In summary, we have used STM and AFM to char-
acterize the structural and electronic properties of MoS,
and nickel-, selenium-, and tellurium-substituted MoS,
at the atomic level. Studies of Ni,,Mo,,S, have
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Fig. 7. 200 nm x 200 nm gray scale AFM images of NbSe, recorded
in the same spatial location on the sample surface. The time interval
between (a) and (b) was 9 min. Arrows highlight one 0.7 nm deep
hole in the surface that becomes larger during this time interval. The
data in these images are unfiltered. The white scale bar corresponds to
2.0 nm.

demonstrated that nickel substitution causes localized
changes in the electronic states, although the structure
of the surface sulfur layer is nearly unchanged com-
pared with MoS,. Investigations of MoS, ;5Se,,5s have
also shown that within the detection limits of AFM
selenium substitution does not perturb the sulfur sur-
face structure, and furthermore the STM data have
indicated that the substituted selenium is electronically
delocalized. In contrast, AFM studies of MoS, ;5Te; s
have shown that tellurium substitution produces
atomic-sized structural protrusions that may modify
significantly the tribological properties of MoS,. In
addition, we have demonstrated that material wear can
be characterized on an atomic scale by AFM. These
studies indicate that the microscopic origin of material
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wear as well as the local structural and electronic
properties should be considered to develop further
models of friction and wear in metal dichalcogenide
materials.
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