
PHYSICAL REVIEW B VOLUME 36, NUMBER 3 15 JULY 1987-II
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Chemical interaction and Schottky-barrier formation at the metal-MoS2 interface were studied by

evaporating metals (Ag, Al, Au, Co, Fe, In, Mn, Pd, Rh, Ti, and V) onto the (0001) basal-plane sur-

face of cleaved molybdenite, and then analyzing the interface with x-ray photoelectron spectroscopy

(XPS). Except for Mn, negligible changes were revealed in the Mo (3d&&2) and S (2p3/2) peak shapes,

or widths, after deposition. The shifts in the binding energies did not correlate with the electron

configuration of the metal but rather with the metal electronegativity, and are interpreted in terms of
band bending at the metal-semiconductor interface, rather than chemical reaction. Plots of both Mo

and S binding energies versus metal electronegativity yield approximately linear curves with nonzero

(positive) slopes, which provide an average "index of interface behavior" of S'=1.28+0.22. This

value is considerably higher than for other covalent semiconductors, which exhibit S' &0.3 due to

Fermi-level pinning. The anomalous behavior of MoS~ results from the extreme inertness of the

basal-plane surface and the stability of the layered crystal lattice of MoSz. The absence of chemical

interaction at the interface causes the formation of a Schottky barrier exhibiting behavior that may

approach the Schottky limit. This behavior for MoS2(0001) is compared with that of other semicon-

ductors, and is discussed in terms of their ionicity, reactivity, and dielectric response. Metals (Ag,

Au, Co, Cu, Fe, Pd, Ti, and V) were also deposited onto MoS2(0001) surfaces that were bombarded

with 10-keV Ar+ ions. The Fermi level was not strongly pinned, even though defect densities as

high as —3& 10' cm ' were produced in the surface region.

I. INTRODUCTION

The basic physical mechanism behind the formation of
a Schottky barrier at the metal-semiconductor interface
remains elusive. Various degrees of "pinning" of the Fer-
mi level (EF) within the band gap of the semiconductor
cause metal-semiconductor contacts to deviate from the
ideal "Schottky limit, " where the Schottky-barrier height
(Pb) is given by the diff'erence between the metal work
function (tb ) and the electron affinity of the semiconduc-
tor. Although the pinning was originally attributed to
the presence of electronic states intrinsic to the clean
semiconductor surface, two recent models, based on the
notion that the electronic states pinning EF are caused by
the interaction of the metal with the semiconductor, have
gained prominence. In one model, Spicer and co-
workers ' suggest that those states result from defects in3,4

the semiconductor that are produced from chemical reac-
tion or heat of condensation as the metal is deposited
from the vapor phase, giving rise to states that are extrin-
sic to the interface. In the other model, which was pro-
posed by Heine and later developed by Louie and co-
workers and by Tersoff, "metal-induced gap states"
(MIGS) are created by the tunneling of the wave function
of the metal electrons into the semiconductor, creating
states in the band gap, i.e., states that are intrinsic to the
interface. Recently, other models have been proposed; for
example, Ludeke and co-workers have suggested that EF
can be pinned by metal-derived gap states caused by
chemical interactions between the metal and the semicon-
ductor constituents. Comparing the amount of Fermi-

level pinning for semiconductors of varying physical and
chemical properties can help to evaluate the applicability
of these models.

The degree of Fermi-level pinning may be expressed in
terms of an "index of interface behavior, "
SwF(=dgb Id/ ), where SwF—-0 corresponds to strong
pinning and Swp ——1 corresponds to the Schottky limit.
Mead has proposed that the electronegativity of the met-
al, X, is a more appropriate reference for Pb, because the
work function includes a contribution from the surface di-

pole, which will be unpredictably altered as the metal-
semiconductor interface is formed. Kurtin and co-
workers' have examined the dependence of
S'(=dgbldX ) on the semiconductor ionicity, as mea-
sured by the difference in the electronegativities of the
constituents in the semiconductor. Their results are sum-
marized in Fig. 1 and are characterized by values of
S' & 0.3 for covalent semiconductors, an abrupt
"covalent-ionic" transition in S' at 67=0.7—0.8, and a
saturation at S'= 1 for ionic semiconductors
(XX=X„„,„—X,„;,„). Schluter" reevaluated the original
data in Ref. 10 and has determined that there is high
scatter in some of the data, and that saturation occurs not
for S'=1, but for S'=2.0—3.0. The basic transition at
b,X—:0.7—0.8, however, is still evident (as discussed in
Sec. III B).

The difference in Schottky-barrier behavior between the
covalent and ionic semiconductors probably originates in
the differences in their reactivities' ' —a reasonable as-
sumption since most current theories on Schottky-barrier
formation point to some degree of chemical bonding
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FIG. 1. Original plot from Kurtin et al. (Ref. 10) of the "in-
dex of interface behavior, "S', vs the difference in electronegativi-
ties, Ag, of the semiconductor constituents. The plot is charac-
terized by S'50.3 for covalent semiconductors, a rapid increase
in S' at 6+=0.7—0.8 (the "covalent-ionic transition"), and a
"saturation" at S'=1.0 for ionic semiconductors. (Reprinted
with permission of T. C. McGill and the American Institute of
Physics. )

and/or reaction as the cause of EJ; pinning in the covalent
semiconductors. ' ' If reactivity at the metal —covalent-
semiconductor interface can be controlled, control of S'
may in turn be achieved, resulting in the ability to pro-
duce tailor-made contacts with desired values of bq. To
be able to control Pb on covalent semiconductors, as well
as on ionic semiconductors, is desirable because the co-
valent semiconductors generally have lower band gaps
and higher electron mobilities' and, therefore, are more
technologically useful than ionic semiconductors.

An ideal test case for determining whether an un-

pinned, metal —covalent-semiconductor interface can be
produced is the metal-MoSq(0001) interface. The overall
covalence of MoS2 is attested to by (1) the electronegativi-
ty diA'erence' between Mo and S of 57=0.42, which is
well below the covalent-ionic transition at 67=0.7—0.8,
and (2) the relatively small difference between its static
and optical dielectric constants, since eo=E„+ (ionic con-
tribution). ' The reactivity at the (0001) (basal plane) sur-
face, however, is expected to be considerably lower than

. for other covalent semiconductor surfaces, because of the
highly anisotropic crystal structure of MoS2. As a
transition-metal dichalcogenide compound, MoSq has a
hexagonal layered-lattice crystal structure: A layer of the
system consists of a sheet of Mo atoms sandwiched be-
tween sheets of S atoms. Bonding within the layer is co-
valent and strong, whereas bonding between adjacent lay-
ers is the result of weak van der Waals forces. Cleavage
of the crystal along the van der Waals gap to produce a
basal-plane surface does not create dangling bonds with

which adsorbates may react. This description is support-
ed by molecular-orbital calculations, ' which indicate that
the S 3p electrons are involved in molecular orbitals with
the Mo atoms and that the S 3s electrons are buried in an
atomic orbital that has low probability of electron density
above the basal plane. Those orbitals that are available
for bonding are empty, antibonding orbitals whose ener-
gies are much too high to be reasonably involved.

The chemical stability of the MoSq(0001) surface has
been corroborated through experiments demonstrating
that adsorption of gases on the MoS2 basal plane does not
occur in significant amounts. ' ' If current theories of
Schottky-barrier formation are correct in assuming that
chemical interactions are necessary to pin FF, then the
metal-MoS2(0001) interface should behave close to the
Schottky limit. McGovern et al. ' studied the metal-
MoSq(0001) interface, but their results provided evidence
of neither pinning nor Schottky-type behavior, indicating
the need for further study. Their results will be discussed
in Sec. III A.

A highly sensitive technique for investigating the
metal-semiconductor interface is x-ray photoelectron spec-
troscopy (XPS), which can measure peak shifts due to
band bending for very small amounts of deposited metal
( & 1 A). The current-versus-voltage (I V), capac-itance-
versus-voltage (C-V), and internal photoemission methods
are generally performed on thicker films. XPS also pro-
vides a good measure of changes in covalent bonding. In
MoS2 chemical bonding and resultant detection might
occur as follows. If covalent bonding between the metal
and the (sulfur-terminated) basal plane were to occur
through the formation of a coordinate bond involving the
electrons on the basal-plane S atoms and empty d orbitals
on the transition metals, then sensitivity to the electronic
configuration of the transition metals would be expected
to be manifested in changes in the S XPS binding energy
and peak shape: The strongest eff'ect is expected for the
transition metal with the most empty d orbitals, and little
or no effect (except for band bending) is expected for met-
als with full d orbitals. (The alternative, the overlap of
filled metal orbitals with empty sulfur orbitals, is con-
sidered unlikely because of the energetic considerations
described above. ) Since the Mo atoms probably would
not be involved in covalent bonding to the transition rnet-
als to the same extent as the S atoms, the primary eAects
on the Mo photoelectron binding energies would be those
due to band bending. Because band bending complicates
chemical analysis (and vice versa), an interface that is un-
reactive with a particular metal might be characterized by
a minimal difference between the XPS binding-energy
shifts of the two elements in the compound semiconduc-
tor, given that band bending aA'ects the electronic energy
levels of both elements equally.

The remainder of the paper is organized as follows.
Details of the metal deposition and XPS analysis are
given in Sec. II. The results for the metal-MoS2 interface
are presented and discussed in Sec. III A and compared
with results for other semiconductors in Sec. III B; the re-
sults for metals deposited on the Ar+ -bombarded
MoS2(0001) surface are presented in Sec. III C. Con-
clusions are summarized in Sec. IV.
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II. EXPERIMENT

Metals that were evaporated on the MoSz(0001) surface
for the purpose of measuring the band bending at the
metal-semiconductor interface are as follows, Au, Ti, Ag,
V, Co, Rh, Pd, Al, In, Cu, Mn, and Fe. They were pur-
chased as thin foils or flakes in & 99.9%%uo purity. In
selecting them, we considered their electronic
configuration, the Gibbs free energy of the reaction of the
metal with MoS2 to form a sulfide (b,G„), and the metal
electronegativity. Those data for the metals are listed in
Table I. Thermochemical values for AGf $9g of MoS2 and
the metal sulfides (used to calculate b, G„) are in Ref. 22,
except those for A12S3 and CoS, which are in Ref. 23.
The free-energy change (b,G) is the correct predictor of
the spontaneity of a reaction, not the (bH) enthalpy
change, as reported in Ref. 12. However, in solid-state re-
actions with no vapor evolution, ' AH is close to AG
because the entropy change (b,S) is relatively small. It
should be noted that the heat of alloying was not included
in our thermodynamic analysis as in Ref. 21. However,
data from Ref. 21 suggest that few, if any, of the metals in
this study exhibit heats of alloying with Mo that are nega-
tive and large enough to aff'ect our comparison (see Sec.
III A) of expected and actual reactivity.

MoS2 substrates were obtained from naturally occur-
ring single crystals of molybdenite. The crystal was

cleaved under a flow of dry-nitrogen gas in a glove bag at-
tached to the sample chamber of the XPS spectrometer,
along the edge of a basal plane, with an x-acto knife, and
a layer of material was peeled off. Only samples that had
a smooth surface over an area that was at least as large as
the XPS analysis window (i.e., 15&&2 mm) were used.
Previous experiments in our laboratories using Auger
electron spectroscopy have shown that the adsorbed oxy-
gen concentration on a basal-plane surface prepared in
this manner is negligible ( 50.01 monolayer), even after
the sample had been sitting under vacuum for several
days. Microscopic examination of cleaved samples indi-
cated that there was generally a small concentration of
edge-plane steps exposed, but these were considered to be
insignificant compared to the large concentration of ex-
posed basal plane. The cleaved samples were electrically
grounded through the sample holder when placed in the
XPS sample chamber, which was pumped to a base pres-
sure of —3 X 10 Torr.

XPS analysis on the resultant metal-semiconductor in-
terface was performed using a GCA-McPherson ESCA-36
x-ray photoelectron spectrometer with a hemispherical
electron energy analyzer that was modified to include op-
tical multichannel detection, which enchances data-
collection speed. The excitation source was the Mg Kcx
x-ray line at 1253.6 eV, and all the spectra were refer-
enced to adventitious carbon using the C 1s peak, which

TABLE I. Electronic and chemical data of metals discussed in this study.

Metal
Used in

Fig. 3'
Used in

Fig. 6
Electron

occupancy'
aG, '

(kcal/mol) Sulfide'
Pauling

electronegativity'

Ag

Al

Au

Co

CU

Fe

In

Mg

Mn

Ni

Pd

4d "5s '

3$ 3p

5d' 6s'

3d 4s

3d' 4s'

3d 4%

5s 5p'

3s'

3d '4s -'

3d'4s'-

4d'

+9.6

—43.5

+7.2
+22.9

+ 3.2

+ 3.0
+ 14.1

45
—8.8

—54.7

—25.2

+2.3

+2.8

no reaction

Ag2S

A12S3

CoS
Co~S3

CupS

FeS
FeS.

InS
InpS3

MgS

MnS

Ni3S~

Pd4S

1.93

1.61

2.54

1.88

1.90

1.83

1.78

1.31

1.55

1.91

2.20

Rh 4d 5s'

3d 4s

3d '4s'

not available

—24. 1

—73.0

T&S

VpS3

2.28

1.54

1.63

'Metals deposited on cleaved MoS2(0001) surface.
Metals deposited on MoS2(0001) surface after 10-kV Ar+ bombardment.

'Occupancy of highest one or two shells.
Calculated from EGf 298 values in Refs. 22 and 23 for the reaction M +(b/2a)MoS2~(1/a)M, Sb+{b/2a) Mo.

'Possible sulfide products of reaction in footnote d.
From Ref. 16.
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was set arbitrarily to a binding energy of 285.0 eV. Auger
measurements in our laboratory have indicated that the
carbon is present in amounts of &0.2 monolayers on
MoS2(0001) surfaces cleaved under the conditions report-
ed here.

Shifting of the C 1s peak in this study contributed par-
tially to the shifting of the corrected binding-energy shifts.
The C ls shifts appeared to correlate somewhat (non-
reproducibly) with the electronegativity of the deposited
metal —larger shifts occurred for metals with lower
electronegativity —but the C 1s shifts were highly incon-
sistent: when repeating the deposition of a particular met-
al on a fresh substrate, there were wide variations ( &0.6
eV) in the C Is binding energy. In contrast, the corrected
Mo 3d5/2 and S 2p3/p binding energies (see Table II)

showed much less scatter than the (uncorrected) C Is
binding energies, and they were far more consistently
correlated with the metal electronegativity. In addition,
there were no changes in the C 1s peak shape after deposi-
tion, indicating the lack of chemical reaction with the car-
bon. Therefore, the use of carbon as a reference for the
XPS spectra was deemed appropriate.

The Mo and S XPS spectra for freshly cleaved, single-
crystal MoS2(0001) surfaces are shown in Fig. 2(a). The
Mo 3d3/2 and 3d»2 peaks are clearly resolved. The S
2p&/2 and 2p3/2 peaks are only partially resolved, owing
to the low resolution of the spectrometer. The maximum
of the S peak in Fig. 2(a) corresponds to the 2p3/2 peak
position and will be used in the subsequent analyses. The
shifts in the Mo 3d5/z and S 2p3/2 peak binding energies
were employed as a measure either of band bending or of
changes in effective nuclear charge.

Metal foils were cut into strips and wrapped around the
tungsten filament in the spectrometer evaporation unit
(McPherson model 36-L), so that the evaporations could
be performed in situ, without exposing the cleaved molyb-
denite samples to atmosphere. The chamber pressure was
&1&10 Torr during the metal evaporations. During
the evaporations, the XPS spectra of Mo, S, and the de-
posited metal were checked intermittently to verify metal
deposition and to halt the deposition at a thickness that
still permitted detection of the underlying S and Mo pho-
toelectron signals. No provision was made for directly
measuring the thickness of the metal layers; approximate
thicknesses were calculated using the Mo 3d&/2 and/or
the S 2p3/2 peak intensities before and after evaporation
with the following equation:

I=Io exp( —

tlat

cosO),

where I is the peak intensity in total photoelectron counts,
X is the photoelectron escape depth for the element, t is
the evaporated metal thickness, 0 is the angle between the
photoelectron analyzer and the surface normal, and Io is a
constant that is a function of the instrument and the ele-
ment analyzed. Io was evaluated using the S or Mo peak
intensity before evaporation, where t =0. This method is
quantitative only for films with uniform thickness. In
general, however, metals tend to form disconnected,
three-dimensional islands on MoS~(0001). Therefore,
the calculated values must be assumed to represent
minimum values for the thickness. Using this approach,

minimum evaporated metal thicknesses of from —7 to
0—100 A were calculated. Metal depositions were repeat-

ed at least twice, with some variation in thickness each
time. The results of this study appeared, generally, to be
independent of the metal thickness: The results for a par-
ticular metal were reproducible (within the stated error
limits).

After the metal deposition, the XPS spectra were re-
peated over several analysis angles 0 in order to attempt a
qualitative determination of the distribution of species in
the direction of surface normal. No reproducible correla-
tion between peak intensity and 0 was observed for Mo or
S. This lack of angle dependence was attributed to small
buckling ( —5') in the crystal, the presence of cleavage
steps, and highly uneven metal-film morphology (island
formation ). However, binding-energy results were
reproducible over the various analysis angles, and the
main results presented in this paper are dependent on
binding energy rather than peak intensity.

Because of the lack of ultrahigh-vacuum conditions,
some of the metals exhibited varying degrees of oxidation
(i.e., oxide formation). Ti was almost completely oxidized
and was not used to calculate S', as we discuss below.
Mn and Al showed oxidation in the 10—50% range, de-
pending on how long XPS analysis was delayed after met-
al deposition. However, the Mo and S binding energy
shifts were reproducible over this entire range of oxidation
levels (within the stated error limits), suggesting that as
long as some metal existed at the metal-MoS2(0001) inter-
face, the existence of the oxide could be neglected for Mn
and Al. Of the other metals, Fe had 520% oxidation;
Co, In, Pd, and V had 55%%uo oxidation; and Ag, Au, and
Cu had negligible oxide formation. Therefore, since nei-
ther the presence nor lack of oxide detected by XPS
affected our analysis of S', we conclude that the effect of
oxide formation on our results is negligible. One possible
explanation for this lack of effect is that the ratio of the
metal-oxide to metal-element XPS peak intensities in-
creased as L9 was increased, indicating that most of the ox-
ide formed on the outer surface of the metal film, away
from the metal-semiconductor interface. It should also be
noted that at no time in this study was there evidence of a
Mo vt peak, characteristic of oxidized Mo (see Fig. 2).

Metals were also deposited on Ar+-bombarded surfaces
(see Table I). The Ar+ ions were produced from a
McPherson model 36-K ion sputtering gun at an energy
of 10 keV and a current density of —20 pAcm . Total
fluences were —5)& 10' cm . The sample chamber was
fitted with the sputtering gun and the evaporation unit so
that metal could be deposited on the ion-bombarded sur-
faces without exposure to atmosphere.

III. RESULTS AND DISCUSSION

A. Comparison of the behavior of various metals
on MoS2(0001)

After deposition of metals on MoS2(0001) [Figs.
2(b) —2(f)], there was no significant change in the shape or
width of the Mo or S XPS peaks, and no extra peaks ap-
peared that would result from the detection of both react-
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FIG. 2. X-ray photoelectron spectra of the Mo 3d doublet
and the S 2p doublet of the MoS2(0001) surface (a) when freshly
cleaved, and after the deposition of (b) In, (c) Pd, (d) Fe, (e) Al,
and (f) Mn. Mn was the only metal in our study that showed
possible evidence of chemical reaction.

ed and unreacted semiconductor components (except for
Mn, to be discussed below). The binding energies (BE's)
of the Mo and S peaks did shift considerably, however, as
shown in Table II. Such shifts may be (erroneously) as-
sumed to occur because of strong covalent bonding to the
undisturbed sulfur-terminated basal-plane surface, al-
though the lack of multiple Mo or S peaks precludes
chemical decomposition of the substrate. Covalent bond-
ing between the metal and the S atoms would cause a
change in the S BE, as discussed in Sec. I, whereas it
would barely effect the Mo BE. But, Table II indicates
that the difference between the S and Mo BE shifts is
essentially zero (within experimental error). Since the Mo
and S core levels are affected about the same, lack of
strong bonding or "chemisorption" of the metals on the
MoS2(0001) surface can be inferred. The binding-energy
shifts also do not correlate with a chemical property, such
as the metal d-electron configuration or AG„.

Therefore, the BE shifts must result from changes in
the Fermi level of the semiconductor near the surface (i.e. ,
band bending) rather than from changes in the effective
nuclear charge of the substrate atoms from chemical in-
teraction. Such changes in EF are obviously not due to
Fermi-level pinning, since EF varies over a —1.5-eV
range, depending on the metal deposited.

To determine the index of interface behavior S', we
plotted the Mo 3d»z and S 2p3/2 BE's against the Paul-
ing electronegativity' of the deposited metals, in Figs.
3(a) and 3(b), respectively. (Some of these data were pub-
lished previously. ) With a few exceptions (Ag and In),
the data form a fairly linear plot. The data, not includ-
ing these exceptions, were fitted to lines that were calcu-
lated from linear least-squares analysis. The slopes of the
lines are S~ ——1.26+0.22 and Ss ——1.30+0.19, where the
uncertainties are determined during least-square analysis.
The two values are identical (within the error limits) and
would therefore tend to suggest reasonable estimates of S'.
For the purposes of the following discussion, the index of
interface behavior is taken to be S'= 1.28+0.22 for metals
on MoS2(0001).

Of the 11 metals in this study, eight were used to evalu-
ate S'. The remaining three, Ag, In, and Ti, were anoma-
lously far from the line. The XPS measurements revealed
the Ti to have been almost completely oxidized to TiOz by
the presence of background gases in the sample chamber.
Therefore, it cannot be said that we produced a metal-
semiconductor interface with the deposition of Ti, and the
point for Ti was not shown in Fig. 3.

One possible explanation for the outlier behavior of Ag
and In might be derived by comparing the behavior of
several electronegativity scales as one moves from left to
right along the fifth period (i.e., from Rb to Xe) in the
Periodic Table. Both the Sanderson relative compact-
ness and Allred-Rochow electronegativity values move
fairly monotonically to higher values, whereas the Pauling
values' move higher somewhat less monotonically and
actually drop for Ag, Cd, and In before beginning to reas-
cend. This drop probably reflects the fact that the 4d
shell is filled for Pd, and that s and p shells are beginning
to be filled for Ag, Cd, and In. Therefore, the Pauling
scale may not be as appropriate in this study for Ag and
In as another scale would be. In fact, when the Sander-
son electronegativity values for Ag and In are used (Ag:
2.57; In: 2.86) the points for Ag and In fall close to the
lines in Figs. 3(a) and 3(b).

Manganese appears to be the only metal undergoing a
detectable chemical reaction with MoS2. Chemical reac-
tion is possible, since the reaction of Mn with MoS2 to
form a sulfide is exoergic (see Table I). The Mo 3d dou-
blet appears to split into four peaks with the deposition of
Mn [see Fig. 2(f)]. The Mo 3d5&2 peak from MoSz is at
-228.4 eV (see Table II), whereas the second Mo 3d~&2
peak appears at —1.2 eV lower BE. The lower-BE dou-
blet appears either as a pair of very small "shoulders" on
the Mo(MoSz) 3d doublet or as a doublet with an intensi-
ty as much as 20Vo that of the Mo(MoS2) 3d doublet, de-
pending on the amount of Mn deposited. The logical con-
clusion is that Mn has reacted with MoS2 to form a
sulfide, leaving Mo metal as one of the products, given
that an —1.3-eV separation is expected between the
Mo(metal) and Mo(MoS2) 3d&&2 peaks. ' However, there
appears to be no major change in the S 2p doublet, except
for a small increase in peak width ( —10%) after Mn
deposition. This is not too surprising in that S tends to
have an oxidation state close to ( —2) even in different
transition-metal chalcogenides. Although some chemical
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FIG. 3. Plots of the (a) Mo 3d5/& and (b) S 2p3/2 binding en-

ergies as a function of the Pauling electronegativity of the depos-
ited metal. Linear least-squares lines were fit to the data in both

(a) and (b); their slopes are (a) SM, = l.26+0.22 and (b)

Ss =1.30+0.19. The values for Ag and In were not used to cal-
culate S', because they deviated significantly from the lines. The
binding-energy values for Ag and In are also plotted as functions
of Sanderson electronegativities (shaded points); these points fall

much closer to the lines.

reaction occurs after Mn deposition, it must be em-
phasized that it does not affect the analysis of S', since
both the S and Mo(MoSz) peaks shift virtually by the
same amount (see Table II). Therefore, all metals in this
study appear to produce an unpinned interface, giving rise
to Schottky barriers that correlate with electronegativity,
independent of their expected or actual reactivity with
respect to the MoS2(0001) substrate.

Our results may now be correlated with the results of
McGovern and co-workers. ' In our experiment, we re-
peated deposition onto MoSz(0001) of three of the five
metals investigated by McGovern et al. : Al, In, and Ti.
Their XPS results on Ti deposition are probably more val-
id than ours because they had a lower base pressure
(-2& 10 Torr), which contributes to lowered oxide for-
mation. They observed strong evidence for chemical reac-
tion of the Ti with the MoSz(0001) surface, but they also
found a relatively large band-bending shift of —1.3 eV in
both the S 2p and Mo 3d peaks. When this value is plot-
ted in Figs. 3(a) and 3(b), the resulting points fall quite
close to the lines. Their value for In band bending agrees
well with ours (-0.0 eV), as does their observation that
In does not react with MoS2(0001). As in our study, Al
was found not to react with MoSq(0001), but their band-
bending values of 0.1 and 0.3 eV are considerably smaller
than ours ( —1.5 eV). The major difference between their
study conditions and ours is the thickness of the Al film
deposited. In their study, —14 A of Al were deposited;
in ours, thicknesses of —30 A and —80 A were calculat-
ed from changes in the S and Mo peak intensities for two
separate depositions (that yielded the same binding ener-
gies). That calculation, however, was shown in Sec. II to
yield only minimum values for the equivalent thickness.
Since metals tend to form islands on MoS2, the actual
equivalent thicknesses of Al in our study may actually be
much higher than 30 or 80 A. Therefore, for the Al in-
terface with this nonpinned semiconductor, the thickness
of Al required for stabilization of EF may be higher than
the —14 A used in the study by McGovern et al.

TABLE II. Binding energies of Mo 3d5/2 and S 2p3/2. Photoelectron binding energies are referenced
to adventitious carbon set arbitrarily to 285.0 eV.

Metal

Ag
Al
Au
Co
Fe
In

Mn
Pd
Rh

Ti (oxide)
V

Uncoated crystal

Mo 3d 5/2 (eV)

229.85+0.19
228.79+0.11
229.89+0.11
228.98+0.23
229.36+0.14
230.19+0.15
228.37+0.12
229.54+0.10
229.37+0.10
229.30+0.20
228.75+0.14
230.22+0.06

S 2p3/2 (eV)

163.00+0.14
161.80+0.10
162.94+0.11
162.18+0.11
162.46+0.15
163.20+0.15
161.43+0.13
162.70+0.12
162.61+0.11
162.53+0.15
161.98+0.12
163.26+0.05

AEs —AEM, (eV)'

+0.11
—0.03
+0.01
+0.16
+0.06
—0.03
+0.02
+0.12
+0.20
+0.19
+0.19

0

Average 0.09+0.09

'Difference between the S 2p3/Q and the Mo 3d5/2 binding-energy shifts with respect to the clean crystal
[e.g. , for V, b Es —b EM„= (161.98 —163.26) —(228.75 —230.22) = +0. 19].
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The band-bending shift of Ni ( —1.0 eV) that McGo-
vern et al. ' have determined appears to correlate well
with electronegativity (7=1.9) (Ref. 16) and falls close to
the lines in the figures. Mg, however, exhibited a band-
bending shift (-0.2) that is considerably smaller than the
shift of —1.9 eV that would be expected for Mg
(7=1.3).' One possible explanation for the discrepancy
is, again, that the amount of deposited metal was too
small (i.e., 7 A Mg) to allow for complete EF stabilization
for this unpinned semiconductor, either because the metal
layer was too thin or the surface area covered by the met-
al islands was too small. The fact that both Mg and Al,
in the study by McGovern et al. , promoted Ez shifts that
were considerably smaller than would be expected based
on our analysis, may be the results of the relatively low
electronegativities of those metals. It may be necessary to
deposit them in larger thicknesses to stabilize Ez, because
more electrons are transferred from the less electronega-
tive metals during the band-bending process. Thickness,
however, does not explain why Ti does exhibit the expect-
ed shift; they deposited only 5 A of Ti. Obviously, the
dependence of the metal-MoS2 Schottky-barrier height on
thickness needs to be investigated further.

It is not surprising that Ti, Mn, and Mg show evidence
of reactivity with MoSz, since they have negative values of
b, G„(see Table I). What is surprising is that Al, V, and
In did not indicate similar evidence of reactivity, especial-
ly since both Al and V have values of AG„ that are con-
siderably more negative than for Ti. Although other met-
als studied had positive AG„values, many had magni-
tudes smaller than the —+ 11 kcal/mol that has been hy-
pothesized as a threshold for interface reaction at the
metal-semiconductor interface. ' Of the four metals,
Ag, Co, Fe, and Pd, none evidenced chemical reaction.
Therefore, there must be large kinetic barriers to reaction
in the metal-MoS2(0001) system, and those barriers are
probably created by the layered structure of the MoS2
crystal lattice, as discussed in Sec. I. These kinetic bar-
riers are unique to the metal —layered-semiconductor in-
terface, and are not necessarily expected to be present for
other semiconductors.

B. Ionicity and reactivity: comparison of MoS&
with other semiconductors

In Fig. 4 we have plotted the S' value for MoS2 as a
function of the MoS2 b,X value (Xs —XM, ——2. 58 —2. 16
=0.42), ' together with the reevaluated S'-versus-hX
data of Schluter, " using revised electronegativity values'
and adding newer data points. ' [The data point for
SrTiOa (Ref. 11) was not included because of the difficulty
of defining b,P for a ternary compound. ] There is consid-
erable scatter in the data for Ag ~ 1.0, and there is com-
paratively little scatter for hP 0.7: For the covalent
semiconductors, S' appears to be consistently 50.3. The
value of S'=1.3 for MoS2 is, therefore, greater than 4
times that for the expected maximum value for a covalent
semiconductor. This anomalously large value may, in
fact, be close to the Schottky limit, which Cohen has
determined, using a static dipole model of the Schottky
barrier, to be —1.5, rather than the 2.0—3.0 suggested
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FIG. 4. Plot of S' as a function of hg data for various semi-
conductors in which the data from Ref. 10 (see Fig. 1) were reex-
amined and correlated with more recent data, including more re-
cent electronegativity values (Ref 16). The S' values were taken
from Ref. 34 (BaF2 and LiF), Ref. 35 (SiC), and Ref. 11 (all the
others). The value for MoS2 (S'=1.28+0.22) has been added to
the data base; it is anomalously high for a covalent semiconduc-
tor.

by Schluter. Pong and Paudyal recently demonstrated
experimentally that the S' values for BaF2 and LiF, two
highly ionic compounds, were =1.5 within experimental
error, confirming that value.

Recently, an investigation similar to the present study
was performed by Hughes and co-workers on Schottky
barriers formed by the deposition of metals on
CxaSe(0001), a semiconductor with a structure similar to
MoSz. It is a hexagonal, layered semiconductor that will
cleave along a van der Waals gap without breaking co-
valent bonds. Its Ag value is 0.74, which places it direct-
ly on the ionic-covalent transition in Fig. 4. Actually,
GaSe exhibited dual behavior depending on the reactivity
of the particular metal deposited. When the enthalpy of
the reaction of a particular metal with GaSe to form the
metal selenide was such that bH„S + 11 kcal/[mol (metal
atom)], Hughes et aI. found that reaction proceeded and
Ez was pinned -0.2 eV above the liat-band location (i.e.,
for In, Al, Cu, and Ni). For Ag, Sn, and Au, however,
no reaction occurred, and the resultant interfaces were
unpinned. On the basis of the latter three metals, they
calculated that Swz -—1.4 and that S'=2.4, depending on
whether P or X was used on the abscissa. These
anomalously large values cannot be considered quantita-
tive, because only three metals were used and because ear-
lier data for 12 metals on GaSe gave S'=0.6.

Although both GaSe and MoSz are semiconductors that
have similar layered structures, their reactivities with
respect to metals deposited on their basal-plane surfaces
are quite different, and are the opposite of what might be
expected. Most of the values of AG„ for metals on GaSe
are positive, but considerable reactivity and some Ez pin-
ning has been reported. Many of the values of AG, for
metals on MoS2 are either negative or very small and pos-
itive, but there is little reactivity (and no E~ pinning).
However, MoSz appears to operate close to the Schottky
limit more consistently than GaSe. The basal-plane sur-
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faces of both GaSe and MoS2 have no dangling bonds or
surface states, so further study is required to explain this
discrepancy.

An interpretation of S' in terms of the dielectric
response of the metal-semiconductor system has recently
been proposed by Tersoff. ' He suggested that an increase
in the metal electronegativity (dX ) may be viewed as an
increased attractive potential in the metal. This essential-
ly gives rise to a sheet dipole at the interface. The dielec-
tric constant e is defined as the ratio of the applied poten-
tial to the effective (actual) potential in a medium. The
differential d7 may be thought of as the change in the
applied potential; drab would be the change in the effective
potential. If we define S=—S'/A (A =2.8 eV; converts
Pauling electronegativity units into energy units"), then S
is the degree to which the dipole is screened. No screen-
ing, i.e., S=O, would result in the dipole s occurring
within the metal; if the dipole fell completely within the
semiconductor, then S=e „', where e is the optical
dielectric constant. (The optical dielectric constant e„ is

used because the static dielectric constant eo includes an
ionic contribution: the ions are not affected by the dipole
as strongly as are the electrons. '

)

Tersoff argues that, for an interface with good metal-
semiconductor bonding, the screening will be a monotonic
function of dipole position, i.e., 0&S&@ '. The S' values
in Fig. 4 were converted to S and plotted against e„' (as
in Ref. 14) in Fig. 5. Only data for which reliable e„data
were available' ' were used. The data for semiconduc-

tors with strong pinning (S(0.07) fall near a line
represented by S=—,'e ', implying that the dipole occurs
at the interface (i.e., neither completely in the metal nor in
the semiconductor) —a relationship that argues for a
Fermi-level-pinning mechanism involving electronic states
that are intrinsic to the metal-semiconductor interface. '

For semiconductors that show only weak pinning
(S & 0. 1), the data appear near or above the upper bound
(S=e„'). Violation of that upper bound indicates a
breakdown in the assumption of a smooth variation of the
dielectric response across the interface, a breakdown that
Tersoff proposes is caused by poor interfacial bonding be-
tween the metal and the less reactive, ionic semiconduc-
tors.

When the data point for MoSz is plotted in Fig. 5 (e„
from Ref. 17), S is over 3 times higher than the line signi-
fying the upper bound. The extreme inertness of the
MoS2(0001) surface probably causes the formation of a
highly abrupt interface with poor interfacial bonding, cor-
roborating Tersoff's argument about the lack of chemical
reactivity at unpinned metal-semiconductor interfaces.

From the dependence of most Schottky-barrier theories
on the chemical behavior of the interface, one can infer
that S' is a function mainly of the metal-semiconductor
interfacial chemistry. The behavior of S' with respect to
semiconductor ionicity probably occurs only because ioni-
city is strongly correlated with reactivity (as discussed in
Sec. I). That this relationship exists points to the use of
an index describing the reactivity of the semiconductor in
order to predict Schottky-barrier behavior. The use of
b,H (or more accurately AG) as that index is appropriate
only for equilibrium situations. The anomalously high S
value for MoS2(0001) indicates that orientation and sur-
face structure are also important, since they may create a
barrier to solid-state reaction. Therefore, kinetics and
thermodynamic considerations should be taken into ac-
count when attempting to predict Schottky-barrier behav-
ior. In cases for which there is no significant kinetic bar-
rier to reaction, ionicity or b Gf (semiconductor) might be
an appropriate index to describe Schottky-barrier behav-
ior.

C. Metals on ion-bornbarded MoS~

0.0 0.1 0.2 0.3 0.4 0.5 0.6

RECIPROCAL OF OPTICAL DIELECTRIC CONSTANT, e

FIG. 5. Plot of S (=S'/A, where A =2.8) vs e„' Ioriginally
plotted in Ref. 14 and supplemented here with additional S' data
and additional dielectric constant data (Ref. 40)]. Solid line is
S= 2e ', and dotted line is upper bound, S=e„'. Solid circles

represent semiconductors with strong pinning (S~0.07); open
circles represent weaker pinning (S~0.1). (Solid circles are,
from left to right, Ge, Si, GaAs, CdTe, SiC, CdSe, C; open cir-
cles are GaP, ZnSe, ZnS, CdS, ZnO, SiO2, LiF.) The data point
for MoSq has been added to the figure (triangle). Its S value is
over 3 times greater that the upper bound, indicating lack of a
smooth variation of the dielectric response across the interface
because of poor interfacial bonding.

To investigate the possibility of increasing the reactivity
of the basal-plane surface of MoS2, cleaved MoS2(0001)
surfaces were bombarded with 10-keV Ar+ ions (total
fluence approximately equal to 5)& 10' cm ) prior to
metal deposition. Detailed studies in our laboratory
have used XPS and Auger electron spectroscopy to
demonstrate that the surface region ( —30 A detection
depth) is depleted significantly of S after ion bombard-
ment (IB) with Ar+ under these conditions (i.e. , if R is
defined as S-Mo XPS peak area ratio, then with IB,
AR/R -=—15%%uo). In addition, band-bending shifts were
indicative of a small amount of metallic Mo forming on
the Ar+-bombarded MoS2(0001) surface.

Plots of Mo and S binding energies, similar to Figs. 3(a)
and 3(b), are shown in Figs. 6(a) and 6(b). There is far
more uncertainty in the values for the individual data
points than in Fig. 3, and there is also somewhat greater
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scatter of the data points about the least-squares lines
fitted to them, complicating an evaluation of S'. Al-
though quantitative analysis is difficult, the average value
for S' of 0.6 0.2 implies that there is only weak pinning
of EF after IB, which is surprising, because a change in
the S-Mo ratio of 15% suggests a defect density of a1 least
4& 10' cm within the XPS detection volume. Accord-
ing to Zur and co-workers, the defect density required
to pin EF would be 10' and 10' cm for submonolayer
and thick films of metal, respectively; hence, ion bom-
bardment in this study should be adequate to pin EF.
Therefore, it appears that the "unified defect model" of
Spicer et al. ' is not applicable in this case. This con-
clusion is not necessarily applicable to their model for
III-V compound semiconductors: Although they have
similar ionicities, MoSz and the III-V compounds have
very different electronic properties and crystal structures,
and would therefore have different defect properties.

:CLEAVED MoS

230.0—)
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FIG. 6. Plots similar to Fig. 3, except that MoS~ surfaces
were subjected to 10-keV Ar+ bombardment ( —5X10" cm ')
prior to metal deposition, for (a) Mo 3d&q2 binding energy, and
(b) S 2p3/2 binding energy. The slopes in the lines were calculat-
ed to be (a) SM, ——0.59+0. 16 (excluding the data point for Co)
and (b) Ss =0.67+0. 18. The binding-energy value for Ag is also
plotted as a function of the Sanderson electronegativity of Ag,
similar to Fig. 3.

The ability of MoSz to avoid pinning, even under such
large defect densities, might be related to the stability of
its lattice as changes occur in stoichiometry. A recent
study by Dimigen and co-workers illustrates this
phenomenon. They investigated the crystallinity of rf-
diode-sputtered MoS films and observed that the crystal-
lites in the films maintained the 2H-MoSz structure to
values as low as x =1.0. Since, in our study, the concen-
tration at the surface is probably x =1.7 after IB, the
basic crystalline structure ~f the first few molecular layers
may be intact, preserving the ability of MoSz to avoid pin-

ning.
Although no strong pinning has been revealed for met-

als on the Ar+-bombarded MoS2(0001) surface, chemical
reaction or strong covalent bonding may be manifested by
the unequal movements of the S 2P3&z and Mo 3d&&z

binding energies when either Ti or Co is deposited. The
Ti deposited after IB showed only partial oxidation, ex-
plaining its proximity to the least-squares lines as con-
trasted to nonbombarded surfaces, in which almost com-
plete oxidation of the Ti had occurred.

IV. CONCLUSIONS

We have investigated the chemistry and band-bending
behavior of the metal-semiconductor interface formed by
the evaporation of metals of varying electronic orbital oc-
cupation, reactivity, and electronegativity on cleaved
MoSz(0001) surfaces. X-ray photoelectron spectroscopy
revealed no evidence of chemical reaction between the
metals and MoSz, except possibly for Mn. There was a
complete absence of Fermi-level pinning, judging from the
variation of EF over a 1.5-eV range. An index of inter-
face behavior S'= 1.28+0.22 was determined from a plot
of the Mo 3d&&z and S 2p3/z binding energies as a func-
tion of the Pauling electronegativity of the metal, which
may represent a metal-semiconductor interface that
operates close to the Schottky limit.

This S' value was anomalously large for a covalent
semiconductor when compared to other covalent semicon-
ductors that exhibit strong Fermi-level pinning (S' 0.3).
This hitherto unobserved behavior for a covalent semicon-
ductor is attributed to the extreme unreactivity of the
MoSz(0001) surface that results from its hexagonal, two-
dimensional layered structure. The S' value for MoSz
was also compared with S ( =S'/A)-versus-e„' data for
other semiconductors. The S' value for MoSz lays well
above the theoretical limit of S'=e ', suggesting that, in
agreement with Tersoff, ' lack of Fermi-level pinning is
due to poor interfacial bonding.

Various metals were also deposited on the MoSq(0001)
surface after it had been bombarded with 10-keV Ar+
ions. Although high defect densities were produced
( ~ 4)& 10' cm ), little pinning of E~ was observed.
There was, however, some evidence of chemical reaction
as a result of the disruption of the inert MoS2(0001) sur-
face by ion bombardment.

Correlation of our results with present theories of
Schottky-barrier formation confirms that chemistry at the
metal-semiconductor interface is the crucial factor. How-
ever, in addition to thermodynamics, the orientation and
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structure of the surface (i.e., kinetics) must also be taken
into acconnt.
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