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A scanning tunneling microscope has been nsed for imaging and tunneling spectroscopy of 2H, -
MoS, in ultrahigh vacuom. Atom-resolved images obtained in three distinct imaging modes—
measuring z at constant current, barrier height at constant current, and current at constant z-are
presented. Current—voltage (/-V) tunneling spectra reveal the occasional presence of negative
differential resistance. Possible origins of the effect are discussed. Convolution of the sample
energy density of states { DOS) with a contamination-induced peak in the tip DOS is the probable
cause. Other mechanisms that may be active include charging of electron traps in the barrier or on
the tip, and resonant tunneling in a double-barrier quantum well structure resulting from layer

separation in the MoS, crystal.

. INTRODUCTION

Negative differential resistance (NDR), the phenomenon of
decreasing electron transmission probability with increasing
voltage, occurs in a variety of devices and can be caused by
vastly different mechanisms. It was first detected in the
Hsaki tunnel diode in which the electron tunneling probabili-
ty abruptly decreases as filled states above the forbidden gap
in degenerately doped n-type material begin to overlap the
forbidden energy gap of degenerate p-type material.' In a
sirnilar way, tunneling probability can decrease as electron
energy increases in double-barrier resonant tunneling or
quantum well structures due to interference of electron wave
functions.? Guan diodes have NDR because of two conduc-
tion bands with different carrier mobilities; current can de-
crease as carriers are excited into the upper band with lower
mobility. An analogous conducting phase separation has
been suggested for other systems.” Metal-semiconductor
{(MS) and metal-insulator-semiconductor (MIS) struc-
tures can have NDR as a result of inhomogeneous doping,*
minority-carrier accumulation,” bias-dependent barrier
height,® or charge trapping defect states.” This survey sug-
gests that the occurrence of NDR under certain conditions
in the scanning tunneling microscope (STM) should not be
surprising.

NDR in current—voltage spectra obtained with 2 STM has
already been observed in several systems. In STM 7-}"'s of
mildly oxidized silicon, NDR has been attributed to charg-
ing of electron traps lying well above the Fermi level.” Two
groups have observed NDR over boron atoms adsorbed on
silicon;>!® localized surface states together with an electron-
ically structured tip give rise to an Esaki diode-type tunnel-
ing behavior. In a similar way, NDR commonly occurs over
adatoms on the clean Si(111) 7 x 7 surface when the tip be-
comes electronically structured due to contamination.'' In
all of these systems, the NDR effect has been confined to
small areas less than a nm in diameter. Here we present £~ Vs
obtained with an STM on melybdenum disulfide (2H,-
MoS, }; they show NDR that is not localized and which may
result from a different mechanism than has been previously
reported for NDR in STM current-voltage spectra.
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. EXPERIMENT

The STM used'? in this work is a triped-and-louse type
instrument similar to the IBM “pocket” STM. ™ It operates
in an ulirahigh vacuum {(UHV) chamber that is attached to
a separate sample preparation chamber with a loadlock; tips
and samples can be mounted in vacuo. The STM is interfaced
to an AT-type personal computer for data acguisition and
instrument control. It has proven sufficiently stable to
achieve ~ | pm vertical resclution on cleaved gallium arsen-
ide surfaces.™

The sample in these studies was a mineralogical crystal of
molybdenum disulfide, 2H,~Mo$,.'*> MoS, is a layered sem-
iconductor--a transition metal dichalcogenide. Tts structure,
shown in Fig. 1, is well known from x-ray crystallography. It

- was the first structure solved by Linus Pauling at Caltech in

1923.' Six sulfurs are associated with each molybdenumin a
trigonal bipyramidal arrangement. The trigonal bipyramids
form sheets three atom layers thick which are bound to other
sheets via weak van der Waals interaction. The basal plane,
seen from the STM point of view, has three structurally and
electronically distinct translationally related centered hex-
agonal arrays--holes extending through the crystal, sulfur
atoms in the surface plane, and molybdenum atoms 1.5 A
lower.

The crystal class of other crystals from the same source
was verified by x-ray diffraction.’? The four-probe van der
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F16. 1. The x-ray crystal structure of 2H,—MoS,.
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Pauw method'® gave the overall character of the sample as 7-
type with a doping level of 8.9 X 16" cm~ ?, but doping in-
homogeneity has been inferred from small-spot x-ray photo-
electron spectroscopy on a similar sample.!” For STM, the
crystal was mounted on a stainless steel support with indium
solder, cleaved with adhesive tape under nitrogen fiow in the
loadlock of the STM system, and introduced to the STM
operating at ~5X 10 ~ ' Torr. The tips used were tungsten,
electrochemically etched in 2M KOH at 6 V ac and rinsed
with ethanol.

For each of the images shown, the sample bias was — 0.75
V and the current set point was 1.0 nA. Spectroscopy mea-
surements were open-loop; feedback control of the tip height
was disabled for <50 ms using a gated integrator. For a
typical spectrum, current was digitized at 50 voltage values
in each ramp direction. /-V’s were acquired in one of two
modes. Some were signal-averaged, typically 500 curves be-
ing summed into one spectrum. The time required for acqui-
sition of the averaged cuirves was tens of seconds, so drift of
the sample relative to the tip probably caused spatial averag-
ing on the scale of the unit cell. Other I-¥s were obtained
singly and correlated with image pixels using the current
imaging tunneling spectroscopy (CITS) method of Hamers,
Tromp, and Demuth.'® This approach allowed postacquisi-
tion averaging of I-¥’s from surface sites sharing the same
unit cell position.

lit. RESULTS AND DISCUSSION
A. Imaging

Atom-resolved images of the cleavage surface of 2H,~
MoS, were obtained in three different imaging modes and
are shown in Fig. 2. The three-dimensional projection in Fig.
2(a) shows a ~ 12 A square “constant height” image of cur-
rent variation ( ~15% of the 1 nA average) with 125 data
pixels in each direction. Acquisition time was 1.5 5, and some
distortion from sample drift is evident. The brightness was
keyed to — dz/dx for simulated lighting. This image shows
two displaced centered hexagonal arrays of maxima suggest-
ing that the two distinct surface species, Mo and S, have been
resolved. An alternative explanation for a displaced hexag-
onal array is a multiple tunneling-point tip. We and others
have seen this same spatial relationship in MoS, images fair-
ly often and are inclined to believe we are seeing both atom
types, whereas a less sharp tip would resolve only one site.'?

A constant current topographic image of the z-piezo vol-
tage is shown in Fig. 2(b). Itis ~23 A square and hasa0.5 A
corrugation. Acquisition time for the 475 < 100 pixel image
was longer than 5 min, and again some distortion due to drift
is apparent. This image shows only one site, consistent witha
comparatively broad tip.

Figure 2{c) is a “‘barrier heighi” image acquired simulta-
neously with the topographic image shown in Fig. 2(b) and
shows variations in d(in 7)/ds, the effective local barrier
height. It was acquired by modulating sinuscidally the tip-
sample separation 0.2 A p—p at 1 kHz and detecting the com-
ponent of the logarithmic current at that frequency with a
lock-in amplifier.

Images of MoS, obtained in the current-variation and to-
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Fic. 2. STM images of MoS, obtained in different operating modes. (a)
current variation at constant z, (b) z variation at constant current, and (¢)
barrier height variation at constant current.

pographic imaging modes have been previously shown by
others.'” Images of this surface acquired in the barrier-
height imaging mode have not, until now, been published.
The d{in {)}/ds mode is inherently guieter than the topo-
graphic mode; the measurement bandwidth is narrowed us-
ing a lock-in amplifier, and the frequency can be chosen to be
at a relatively quiet part of the tunneling current frequency
spectrum.

B. Spectroscopy

The initial stage of this work was a systematic survey of
the MoS, surface in which a standard series of images and
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signal-averaged /-V’s was obtained at ~ luym intervals.
Most of the I~V series acquired on this survey were self-
consistent and showed essentially symimnetric nonrectified I
V character and examples are not shown here. Changes in /-
¥ character (degree of rectification) did not appear strongly
correlated with the surface topography; in most cases the
imaged areas were atomically flat. Sarid, ef af. conducted a
cursory spectroscopic investigation of MoS, with an STM
operating in air and obtained similar results.'® Kramar, et al.
conducted a more extensive UHV STM imaging and spec-
troscopy study of mineralogical 2H, ~MoS, and found great
variability in the degree of rectification and character of cur-
rent-voltage spectra; this was attributed to doping inhomo-
geneity.'?

En several of the I-V series, some of the #-V’s exhibited a
current peak, i.e., negative differential resistance, in the neg-
ative sample bias regime. A subset of curves from one such
series is shown in Fig. 3. Two of the curves have broad nega-
tive peaks in the current at about — 0.6 V sample bias. Spec-
tra with the same parameters obtained later in this series
(also shown) did not show the peaks. In other series, carly J-
7’s did not show NDR, but later spectra did. In every case
that NDR was observed, it was present when the tip-sample
separation was defined by 2 — 1.5 or — 0.75 V sampie bias
at 1 nA but not when the sample bias was — 3.0 Vorwhen it
was positive.

One possible explanation for the transient nature of the
NDR was that during the course of the [~V series, the tip
may have drifted from one electronically distinct site on the
surface to another. To test this hypothesis, CITS was used to
obtain images with pixel-correlated /-¥’s. The sample bias
during feedback control to 1 nA wasset at — 1.5 V, the bias
at which the strongest NDR had been observed. Several im-
ages were obtained that had I~V ’sexhibiting NDR. Inali but
one case, each -V throughout the ~25 A square images
showed the effect, indicating that it is not highly localized
and that changes in surface site probably do not cause the
drastic changes observed in the /- ¥ series. In the exceptional
case, the character of the image changed from featureless to
showing atomic periodicity, a change usually associated
with a change in tip morphology. The I~V character
changed from NDR to p-type rectified, and the “knee” at
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Fic. 3. Current-voltage spectra from a single series. Two curves show
NDR, while two others obtained later with identical parameters do not.
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positive bias shifted to a lower energy. The latter observation
suggests that the appearance of NDR is intimately associat-
ed with the structure of the tip. Single /- ¥’s from before and
after the “tip change” are shown in Fig. 4.

Nene of the CITS images showing NDR had high-quality
atomic resolution, although some did show sufficient period-
icity to define a unit cell. /-¥s from similar sites in one such
tmage were averaged in order to assess the degree of correla-
tion between -V character and surface site. Figure 5 shows
I-V’s averaged for topographic maxima (atoms), topo-
graphic minima (holes), and the entire image. The I-F’s
over maxima and minima are nearly identical, while the sur-
face averaged /-V has a greater current magnitude than the
others above — 1.25 V. All show fwo weak NDR peaks.

Possible mechanisms of negative differential resistance. A
mechanism is needed which explains the observation of (a)
nonlocalized NDR, (b) occurrence when tunneling from
the sample to the tip, and (¢} occasional multipie NDR
peaks. It should aiso accommodate the transient appearance
of the effect. The two mechanism already cited in STM may
be applicable to this system. In addition, another that might-
be expected to cause NDR under similar conditions is dis-
cussed.

The NDR mechanism invoked by Hamers and Koch® re-
quires localized electron trapping states lying well above the
Fermi level of, in this case, the tip. As the bias is increased
(as the sample is made more negative), the tunneling cur-
rent also increases until electrons have sufficient energy to
occupy the traps. The additional electrostatic potential due
to charged traps increases the tunneling barrier, so the tun-
neling current is reduced until the bias is raised sufficiently
to overcome the barrier. Such traps may exist if the tip is
oxide (or otherwise) contaminated. Trapping sites at differ-
ent energies could result in more than one NDR region in the
I-V curve. Since tip structure would be the sole cause of the
effect, no surface-site localization is expected; indeed, simi-
lar effects should be observed with other sample systems
unless the tip-contamination required is sample-specific.

Lyo and Avouris'® and Bedrossian et al’ adopted a
mechanism similar to that active in the Esaki diode. It re-
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F16. 4. Current--voltage spectra from CITS image showing NDR before a
change in image character (probably due to a tip change) and not showing
NDR after the change.
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FiG. 5. Site-averaged current-voltage spectra from a CITS image. Those
obtained at topographic maxima are nearly identical to those obtained at
topographic minima, while surface averaged curve has a greater current
magnitude. All show two weak NDR regions.

quires peaks in the energy density of states (DOS) of the tip
and sample such that tunneling probability increases, de-
creases, and subsequently increases as the bias in increased.
A computer simulation of current-voltage spectra expected
for a given sample and tip DOS showed that spectra very
similar to those presented here can occur if DOS maxima
exist slightly below and above the Fermi levels of the sample
and tip, respectively.'® This may be possible in the MoS,
system. Angle resolved photoemission studies have shown
that there is a strong peak at the top of the valence band,
presumably due to the nonbonding 4dz* orbitals of Mo.?
The tip electronic structure may, as Lyo and Avouris sug-
gested, be the consequence of a weakly bound tip apex and
adsorption induced resonances. Alternatively, it may be
caused by contamination. A likely tip contaminant is sulfur;
Zabinski and Tatarchuk reported an excess of sulfur at the
MoS, cleavage surface.”’ In this case, rather than a maxi-
mum in the tip DOS, a reduction may occur. Lang has pre-
dicted that adsorbed sulfuor will reduce the number of metal
states available for tunneling near energies corresponding te
NDR peaks in our ¥ spectra. > Differences in local sample
doping level and the strength of the tip-adsorbate interaction
could explain the variability in position and number of NDR
regions.

The NDR we have observed in STM of MoS, can be ade-
quately explained by either of the two mechanisms described
above. Nevertheless, another interesting possibility deserves
mention. MoS, has only weak van der Waals interaction
between dichalcogenide layers such that intracrystal layer
separation is likely to occur. Cleaving damage may result in
loose flakes or buckling opening a vacuum gap between lay-
ers which may, in conjunction with the tip-sample barrier,
give rise to a double-barrier resonant tunneling structure. If
this happeuns, a peak in tunneling probability should occur at
each energy corresponding to an allowed state in the inter-
vening quantum well.For the simplest case the well width
would be A /2n where A is the electron wavelength. In the
case of a single layer of MoS, constituting a well ~ & A wide,
the De Broglie relation predicts that the first NDR peak
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would cccur at ~1 eV, reasonable for observation in an
STM experiment. In practice, the actual energy of the maxi-
mum tunneling probability would depend on the shapes and
widths of the two tunneling barriers. If these conditions ex-
isted in the course of our measurements, we could account
for our observation of NDR only in a narrow feedback vol-
tage range; the width of the first barrier (tip-sample separa-
tion ) is determined by this parameter. The other two mecha-
nisms do not offer an obvious explanation for this aspect of
our data. This cursory development is intended only to ad-
vance the possible importance of this mechanism. We have
suggested that if layer separation occurs, a resonant tunnel-
ing condition detectable by STM could exist, but a more
thorough analysis is required before this mechanism’s merit
can be adequately assessed.

IV. SUMMARY

We have conducted a systematic imaging and spectrosco-
py study of the MoS, surface using a STM operating in
UHYV. In this paper we present atom-resolved images ac-
quired in barrier height, topographic, and current imaging
modes, as well as current—voitage spectra showing one or
more NDR regions. The effect was shown to be nonloca-
lized, unlike prior STM observations of NDR. The mecha-
nism causing the NDR cannot be conclusively determined.
The applicability of mechanisms invoked by other authors
was assessed, and a new mechanism that would lead to NDR
in STM of MoS,, double-barrier resonant tunneling, was
proposed.
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