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Modulated STM images of ultrathin MoSe2 films grown on MoS2„0001… studied by STM/STS

H. Murata and A. Koma
Department of Chemistry, Graduate School of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

~Received 10 November 1998!

The MoSe2/MoS2 system is investigated by scanning tunneling microscope~STM! and by its spectroscopic
mode, scanning tunneling spectroscopy~STS!. STM images show a hexagonal wagon-wheel-like pattern,
which is made of bright lines and dark triangles. High-resolution STM images show that the bright line consists
of twin lines separated by about 1 nm and that the hexagonal pattern is often skewed. These features are not
explained by the simple moire´ effect due to the lattice mismatch between the overlayer and the substrate
materials. The STS spectra show that the bright area results mainly from electron waves derived from chal-
cogen orbitals running parallel to the interface between MoSe2 and MoS2 layers. A mechanism of the pattern
formation is proposed, in which scattered electron waves produce the bright wagon-wheel-like pattern.
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I. INTRODUCTION

So far, modulated structures have been observed in s
ning tunneling microscope~STM! images of heteroepitaxia
ultrathin films of MoSe2/SnS2,1 MoSe2/MoS2,2,3

Ge~111!/Ga,4 graphite/Pt,5 and others.6,7 Most of them show
a long-wavelength structure~superstructure! due to the lat-
tice mismatch between the overlayer and the substrate m
rials. One of the explanations for the observed superstruc
is the vertical atomic displacement of the overlayer of wh
the lattice is modulated by the underlying lattice-mismatch
substrate.8 That is, the difference of stacking between tw
layers leads to a height variation in the overlayer, wh
gives the superstructure in the STM image. That interpre
tion, however, seems to be improper, since the superstruc
is observed even in heterostructures of layered material1–3

This is because vertical displacement would not be so la
as the one estimated from topographic STM images in
case of layered materials, in which the interaction betw
unit layers is such a very weak one as van der Waals in
action. In addition, the superstructure has not been obse
in atomic force microscope~AFM! images. Therefore, the
vertical atomic displacement is not considered to be the m
factor producing the superstructure in those materials,
their superstructure should be interpreted by other mec
nism.

Another explanation for the superstructure observed
STM images is moire´ interference caused by two lattice
mismatched layers,5,8 which is often observed in the trans
mission electron microscope images. The simple moire´ inter-
ference, however, cannot be applied to STM, since the S
is sensitive to the outermost layer and the signal from
underlying layer should be attenuated during tunneling in
uppermost layer. Furthermore, the detailed structures are
ferent from images calculated by the simple moire´ interfer-
ence even if lateral atomic displacements in the overlay9

are taken into account. Therefore, the modulated struc
does not seem to come from the simple moire´ effect, either.

Recently, other mechanisms have been proposed on
basis of a theoretical study to explain the observ
superstructures.10 Nanoscale structures in the subsurface
gion are considered to be observable in STM, because w
PRB 590163-1829/99/59~15!/10327~8!/$15.00
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having nanometer length can propagate through many la
without decay. In this case the contrast of the observed
perstructure depends on the overlayer thickness. To
knowledge, such theoretically proposed behavior of ST
images has not been observed experimentally so far,
calculated images are different from the observed ones.

Usually atomic displacement appears in the interface
the lattice-mismatched system, and so we cannot iden
whether the superstructure observed in an STM image
mainly derived from the vertical atomic displacement
from the interface electronic interaction. In the case of
layered material heterostructures, on the other hand, poss
ity of the atomic displacement, which causes the strong e
tronic effect can be excluded, since there is no chem
bond formation at the interface of heterostructures. Thus,
have investigated a system consisting of one monola
MoSe2 film grown on a cleavage face of MoS2 by STM in
order to clarify the formation mechanism of the modulat
structure observed in STM images.

We also have made scanning tunneling spectrosc
~STS! measurement of the modulated structure to investig
the electronic effect, since it gives information on the sp
tially resolved electronic structures. This feature is lacking
the commonly used spectroscopic methods, such as ultra
let photoemission spectroscopy~UPS!, inverse photoemis-
sion spectroscopy~IPES!, and electron-energy-loss spectro
copy ~EELS!.

II. EXPERIMENT

Ultrathin MoSe2 films were grown on the basal plane of
MoS2 crystal with molecular beam epitaxy.1 Substrates were
cleaved in air and cleaned by heating at 500 °C under ul
high vacuum. The mean thickness of the grown film was l
than one monolayer. A Knudsen cell and an electron be
evaporator were used as selenium and molybdenum b
sources, respectively. The growth temperature was 450
and growth rate was about 0.1 ML/min. The grown spe
mens were transferred from a growth chamber to an S
chamber of which pressure is 331028 Pa. The STM appa-
ratus used in the present investigation was an Omicron
10 327 ©1999 The American Physical Society
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10 328 PRB 59H. MURATA AND A. KOMA
STM unit. STM images and STS spectra were measure
room temperature.

STM images and STS spectra of MoS2~0001! and
MoSe2~0001! were observed for reference. Single crystals
MoS2 were natural molybdenite, and single crystals
MoSe2 were grown by the vapor transport method. Befo
STM and STS measurements they were cleaned by heati
500 °C under ultrahigh vacuum. STM images were acqui
in the constant current mode and were shown as the g
scale representation, in which brightness increases with
creasing distance between the tip and the sample sur
The sign of the sample bias voltageVs , which is referred to
the Fermi level (EF), corresponds to the voltage applied
the sample with respect to the tip.

It is difficult to observe the STM image for the ultrath
films of the layered materials, because of the possibility
movement or drift of island of the thin film. Moreover, eve
if the observed specimen is a pristine transition-metal dich
cogenide, it is not easy to obtain good STS spectra bec
of local cleavage induced by the tip.11 It is considered to
come from the weak van der Waals interaction between
ers. In the case of the heterostructure specimens, it was
hard to obtain good STS spectra with high-spatial resolu
and with high-energy resolution because of the abo
mentioned difficulties. In order to overcome these diffic
ties, every spectrum of the heterostructure was obtained
averaging over 100 spectra of equivalent points with the c
rent imaging tunneling spectroscopy~CITS! method.12 The
STS spectra of the bulk specimens shown in the next sec
are also area-averaged ones. Although spatial informatio
the atomic scale was lost by the above-mentioned avera
process, some were compensated by atomic-scale STM
ages taken at various bias voltages.

III. RESULTS

A. STM and STS studies of MoS2 and MoSe2

The STS spectra of MoS2 and MoSe2, that are spatially
averaged, are shown in Fig. 1 in the normalized differen
conductance (dI/dV)/(I /V) calculated fromI-V data. They
are compared with spectra which are obtained by commo
used spectroscopic methods. The conduction band of M2
and the valence band of MoSe2 were investigated by IPES
~Ref. 13! and by UPS,14,15 respectively. The spectrum o
MoSe2 in the negative-bias region, which will reflect th
occupied states of specimens, is very similar to the densit
states~DOS! obtained from UPS, whereas that of MoS2 in
the positive-bias region, which will reflect the unoccupi
states, is almost the same as the IPES data. Thus, the pr
results suggest that STS spectra of two layered mate
MoS2 and MoSe2 reflect their DOS, as was pointed out
Ref. 16 that (dI/dV)/(I /V) reflects the electronic DOS o
the specimen.

The global features of the STS spectra of MoS2 and
MoSe2 resemble each other. The resemblance reflects
similarity of the electronic structures of MoS2 and MoSe2,
especially in Mo components. This is because they h
chalcogen-substituted structures. However, difference
tween the two spectra appears in the features in the vici
of EF over the range from21.5 to 0 eV, in which the inten-
sity of the MoSe2 spectrum is larger than that of the MoS2
at
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spectrum. This difference is considered to be mainly deriv
from chalcogen-related orbitals (px ,py ,pz orbitals!. This
conclusion is supported by the bias dependence of the S
images shown in the followings.

The bias dependence of the STM images for MoS2 was
observed, as shown in Fig. 2. In the positive bias reg
above10.5 V and the negative bias region below21.5 V,
clear STM images were hardly observed, because of a hig
noisy signal in the tunneling current. Thus, the bias dep
dence is presented only in the vicinity ofEF from 21.5 to
10.5 V. Figure 2 shows typical STM images for thre
negative-bias voltages, in which the honeycomb and
spherical structures are observed. When the magnitude o
negative bias is large the honeycomb structure appears@see
Fig. 2~c!#, whereas the spherical atomic image appears w
the negative bias is close to zero@see Fig. 2~a!#.

In discussing bias dependence of STM images we m
take into account the following points. The tunneling curre
I is given by the integral over the energy-dependent lo
density of states~LDOS! multiplied by a barrier factor for
tunneling. In a rough approximation, neglecting a weighti
factor for the effective tunneling barrier, we assume th

FIG. 1. ~a! Normalized differential conductance vs sample b
voltage relative to the Fermi energy of MoSe2 ~open circles!. Upper
curve shows a UPS spectrum~solid line! ~Ref. 14!. ~b! Normalized
differential conductance of MoS2 ~cross! and an IPES spectrum
~solid line! ~Ref. 13!. (dI/dV)/(I /V) spectra are calculated from th
average of 500 spectra taken for the equivalent areas.
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PRB 59 10 329MODULATED STM IMAGES OF ULTRATHIN MoSe2 . . .
electrons from all occupied states of the specimen betw
EF2euUu and EF , whereU is applied voltage, tunnel into
the empty-tip state. Although a detailed discussion will
given elsewhere, it is considered that the images of Fig.~a!
come from localized atomic orbitals of chalcogen. By i
creasing the value of negative-bias voltage, low-lying oc
pied states will contribute to the tunneling current, and
honeycomb structure in Fig. 2~c! results from low-lying in-
plane spread orbitals of chalcogen. The image of Fig. 2~b! is
a mixture of those two components.

Thus, these STM images in Fig. 2 lead us to the conc
sion that there are at least two spatially distinct occup
states near the surface. BelowEF chalcogen localized atomi
orbitals are main component at 0 –20.7 eV~peak C!, while
chalcogen in-plane-spread orbitals are main componen
;21.2 eV ~peak B!. These orbitals are schematically illu
trated in Fig. 2~d!, and STS peaks are assigned by consid
ing these states. This interpretation coincides roughly w
the theoretical and other experimental results.14,15,17–21This
bias dependence will be used in the later discussion on
STM images observed in the MoSe2 film on MoS2.

B. STM images of MoSe2/MoS2 heterostructures

Figure 3~a! is a typical STM image of the modulated pa
tern observed in MoSe2/MoS2 at a sample bias voltage o

FIG. 2. Topographic images of 1.531.0 nm2 area of
MoS2~0001! at a tunneling current of 0.23 nA. Sample bias volta
(Vs) is ~a! 20.31, ~b! 21.08, and~c! 21.24 V, respectively. The
gray-scale range is~a! 0.16,~b! 0.05, and~c! 0.05 nm, respectively.
The images have been corrected for the effect of thermal drift.
(131) unit cell is marked in each image. These images are
plained by illustrating orbitals shown in~d!: empty circle shows S
localized pz orbital, and the gray region corresponds topx , py

orbitals of the outermost layer.~e! shows a gray-scale image o
simulated honeycomb pattern@see Eq.~1!#.
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20.8 V. The pattern shows the wagon-wheel-like netwo
which is made of bright twin lines and dark triangles. Th
pattern is different from patterns simulated in the previo
report,8 which only gives the observed network period
about 8 nm expected from the lattice mismatch of the Mo2
substrate and the MoSe2 overlayer.2,3,8 As shown in Fig.
3~b!, each bright line consists of two parallel lines separa
by about 1 nm, which lie along the direction parallel
$112̄0% crystal axes of the MoS2~0001! surface.2 Those fea-
tures are impossible to explain by the simple moire´ effect. It
is also an important point that symmetry of the pattern is
strictly hexagonal@see Fig. 3~c!#. Although it was reported in
a previous paper8 that the bright lines are continued, the
lines have been found to be often discontinued in the pre
study. Some of twin lines shift each other and discontinu
appears at random.

We have found from detailed STM measurements
MoSe2/MoS2 heterostructures that the modulated patte
shows bias voltage dependence. When the sample bias
age is changed, the pattern is clearly seen in the bias vol

e
x-

FIG. 3. ~a! Typical STM image of the modulated structure fo
MoSe2 film on MoS2. Coverage of MoSe2 is less than one mono
layer. 23323 nm2, I 50.20 nA, Vs520.78 V, constant curren
mode.~b! Profile along the@101̄0# of the thick solid line shown in
~a!. The height of the corrugation depends on the measurem
conditions.~c! Schematic drawing of the STM image.
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10 330 PRB 59H. MURATA AND A. KOMA
from 22.0 to 10.3 V. In this region the height of the dar
area measured from the MoS2 substrate surface is almo
constant within 0.7 and 0.8 nm, while the height of the brig
area shows a strong bias dependence, as shown in Fig. 4
height of the dark area is very close to the height of a mo
layer of MoSe2, 0.61 nm. This result clearly indicates th
the bright twin lines area is enhanced due to electro
modulation, while the dark area shows only a geome
stack. The height difference between the bright and the d
area is much larger than that expected from the possible
tical atomic displacements. Since the magnitude of the
served corrugation for the modulated structure is depen
on measurement conditions, such as the tip apex, feed
loop, and lateral resolution, the amplitude of the corrugat
has not been determined precisely, but the overall bias
pendence of the ‘‘corrugation height’’ can be seen in Fig.
As is described in the former section, the pattern has
been observed in AFM images. This result also suggests
the electronic effect produces the modulated STM image

C. STS analysis of MoSe2/MoS2 heterostructures

It is usually difficult to connect the STM image directly t
the energy-dependent LDOS, because of the complexit
the relation betweenI and LDOS. Hence, STM topograph
taken in the constant current mode is inconvenient for und
standing electronic structures. In order to understand the
dependence of the STM images, the spectroscopic met
STS, is the most effective way. Then, we investigated
modulated structure by STS in the CITS mode with b
voltages from22.5 to 11.5 V. In Fig. 5 (dI/dV)/(I /V) vs
Vs curves are shown in both the dark~curve A! and the
bright ~curve B! area. Every spectrum is an average of t
value obtained for 100 equivalent points to improve t
signal-to-noise ratio. It was found that the width of the ba

FIG. 4. Bias dependence of the corrugation observed in
STM images of the modulated structure. Curve B~open circle!
represents the height of the bright wagon-wheel-like network
curve A ~solid circle! shows the height of the dark triangle are
The height is measured from the topmost of the MoS2 substrate.
The used specimen is different from the specimen for Fig. 3.
t
he
-

ic
c
rk
r-

b-
nt
ck
n
e-
.
ot
at

of

r-
as
d,
e
s

e

d

gap in the bright area is smaller than that in the dark area
the present experiment, the STS spectra did not have so
spatial resolution that we could not individually recogni
the bright twin lines. The spectra are compatible with t
above-mentioned bias dependence of STM images of
sample.

The two spectra in the bright and the dark area show
large difference in the negative-bias region, while they ha
almost the same feature for the positive bias. In the bri
area of the MoSe2 film, the broad peak is shown aroun
20.8 eV, but no obvious peak appears around21.8 eV. In
the dark area, on the other hand, the20.8 eV peak does no
appear and a remarkable peak appears at21.8 eV. The spec-
trum of the dark area is similar to that of the MoS2 basal
plane in the vicinity ofEF , except for the small peak shif
(0.2 eV!. This suggests that the dark-triangle area of
MoSe2 film acts as only the tunneling barrier, which ma
come from the similarity of the electronic structures of Mo2
and MoSe2 and the long screening length of electrons
semiconducting MoSe2. On the other hand, the spectrum
the bright-line area is clearly different from that of MoS2. It
indicates that the bright area is caused by the electro
modulation with the triangular network structure. Therefo
in order to elucidate the origin of the modulated structure
is important to discuss the character of the bright area of
MoSe2 film.

In order to clarify the difference in the characters in t
dark and bright areas, subtraction of curve~a! from curve~b!
has been made and shown as curve~c! in Fig. 5. It is seen
that a peak appears at20.8 eV and a dip at21.6 eV. With
taking into account the peak shift of the spectra for t

e

d

FIG. 5. (dI/dV)/(I /V) spectra of the modulated structure
MoSe2/MoS2. The curve A~solid circles! show the spectrum of the
dark triangle area and the curve B~open circles! show that of the
bright wagon-wheel-like network. Every spectrum was obtain
from averaging 100 spectra for each area. The curve C~upper
panel! shows the difference between curves A and B.
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PRB 59 10 331MODULATED STM IMAGES OF ULTRATHIN MoSe2 . . .
modulated pattern with respect to the MoS2 basal plane, the
position of the obtained peak corresponds to21.0 eV in the
spectrum of the basal plane specimens~Fig. 1!. The obtained
peak is located close to the energy position of peak B
MoSe2 (21.2 eV!, which comes from in-plane spread cha
cogen orbitals as was discussed in the previous sec
Thus, we suppose in-plane spread chalcogen orbitals pla
important role to form the bright area, as will be discussed
the next section.

IV. DISCUSSION

A. Qualitative explanation of the STS spectra

The prominent features of the modulated structure, tha
bright twin lines and the large corrugation lacking in t
AFM image, are reproduced neither by the simple moire´ in-
terference nor by the atomic displacement. Only the glo
periodicity of the structure can be explained by the sim
moiréeffect. The strong bias dependence of the STM ima
and the STS spectra imply that the modulated structur
due to the electronic effect.

As was pointed out in the previous section, the bright a
has narrower band gap and showed broad peak nearEF . On
the other hand, the spectrum in the dark area is very sim
to that of MoS2. These features are qualitatively explain
by a simple one-dimensional model, as is shown in Fig
Two extreme cases are considered in interface stacking;
is in-phase stacking, and the other is out-of-phase stack
The latter case of the stacking is often called stacking fa

FIG. 6. Schematic view of the formation of states and the b
gap for the different stacking at the interface;~a! In-phase stacking
~unfaulted stacking!, ~b! Out-of-phase stacking~faulted stacking!.
Electronic interaction in the faulted stacking interface is stron
than that of the unfaulted stacking interface, since overlap of in
face orbitals in the faulted stacking is larger than that in the
faulted stacking. The energy width of bands are broadened
increasing electronic interaction, and the density of states~DOS!
peak features of the faulted stacking area is broadened comp
with that of the unfaulted stacking area. Thus, the width of the b
gapD in the faulted stacking area is expected to decrease comp
with that in the unfaulted stacking area.
f

n.
an
n

s,

al
e
s
is

a

ar

.
ne
g.

lt.

The electronic interaction between two layers seems to
larger in this case since overlap of interface orbitals in
faulted stacking is larger than that in the unfaulted stacki
The energy width of bands are broadened with increas
electronic interaction, and the density of states~DOS! peak
features of the faulted stacking area is broadened comp
with that of the unfaulted stacking area as seen in the ene
diagram in Fig. 6. Thus, the width of the band gapD in the
faulted stacking area is expected to decrease compared
that in the unfaulted stacking area. This diagram suggests
narrower band gap and appearance of broad peaks nearEF at
the faulted stack region. This model explains the charac
istic STS feature of bright areas qualitatively. Thus, if t
present model is applied to the heterostructure in the pre
study, the bright area and the dark area of the modula
structure are considered to correspond to the faulted area
the unfaulted area, respectively. The modulation of valen
band electron states nearEF is shown in the previous ban
calculation on ultrathin MoSe2 film on MoS2.19 It was shown
that valence-band electron states nearEF of the MoSe2 over-
layer are modulated by the existence of the lattic
mismatched substrate, since wave functions nearEF extend
three dimensionally propagating along thec axis through the
sandwiches of the layered materials.

The one-dimensional model can explain the present S
results, but it does not explain the observed features of S
images. The model is extended to two-dimensional interf
stacking in the next section.

B. Model for explaining the STM images

The way of stacking in the interface was noticed in
previous paper.8 Effect of the interface was introduced by
simple moirémodel, in which two wave functions of sub
strate and overlayer materials are added. The moire´ pattern,
however, does not represent the interface interaction stre
properly. For example, if one of the wave functions is ze
at some point the interaction should be zero, but the sum
the two wave functions is not always zero. Similarly, t
sum of LDOS (ra1rb)dt is not an appropriate index for th
interface interaction, wherera andrb are LDOS of the sub-
strate and the overlayer materials in the interface, resp
tively.

In discussing the interface interaction between the s
strate and the overlayer, the overlapping position of th
wave functions should be considered. In other words, w
another layer is stacked on the substrate surface layer
magnitude of interaction should be represented by the p
uct of LDOS of the two layers. This is mainly because inte
face interaction between the substrate and overlayer ma
als is determined by the electron existence probabilities
each layer. Therefore, we will takera•rbdt instead of (ra
1rb)dt.

We assume thatra andrb are composed from wave func
tions of the Se and S in-plane orbitals since STS results s
that contribution of these orbitals seems to be large. T
chalcogen in-plane orbitals of thepx ,py-like states are modi-
fied to the triangle shape by the existence of Mo atoms
cated in the subsurface@Fig. 2~d!# and the chalcogen in-plan
orbitals forms the smeared honeycomb pattern@Fig. 2~e!#,
which represents the STM images of MoS2 @Fig. 2~c!#. The
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10 332 PRB 59H. MURATA AND A. KOMA
simulated honeycomb pattern, which is shown in Fig. 2~e!
was represented by using the expression

F~r ,g1 ,g2!511AH cos@g1–r #1cos@g2–r #

1cos@„g11g2…–r #1
3

2J , ~1!

where g1 and g2 are primitive reciprocal-lattice vectors o
substrate surface. HereF(r ,g1,g2) represents LDOS of in-
plane orbitals and the parameterA is chosen as22/9 so that
F(r ,g1,g2) does not become negative. In order to simul
the STM image of interface interaction of layered mater
heterostructure, the product ofF(r ,g1,g2) and F(r ,g18 ,g28)
was calculated, whereg18 and g28 are primitive reciprocal-
lattice vectors of overlayer surface. HereF(r ,g1,g2) and
F(r ,g18 ,g28) represent the LDOS of the substrate and ov
layer in the heterostructure interface, respectively. Mag
tude ofgi8 was chosen by 10% larger thangi, and direction of
gi8 was aligned withgi, respectively. This pattern well repro
duces the triangular superstructure divided by straight lin
as shown in the schematic image of Fig. 7~b!. The way of
stacking in the gray area~area A! and the white area~area B!
illustrated are in-phase stacking and out-of-phase stack
respectively. Thus, we call the areas A and B as unfau
and faulted stacking area, respectively.

On the other hand, ifpz-like chalcogen orbitals are taken
which are localized on the atomic position, then we obt
the simulated image of Fig. 7~c!. This pattern cannot repro
duce the observed STM images, in particular the trigo
structural features. This indicates that in-plane spreadpx ,py
orbitals are responsible for the STM image.

C. Twin-line structure

The simulated pattern of Fig. 7~b!, which was discussed
in the previous section, is still incomplete since the netw
of twin lines is not reproduced. We propose a new mec
nism for the pattern formation of the modulated structure t
scattered electron waves produce the bright wagon-wh
like structure. This mechanism is similar to brightness
hancement due to the standing wave formation observe
steps on the Au~111! surface in a (dI/dV)/(I /V) image.22 In
case of MoS2/MoSe2, heterostructure unfaulted stackin
~area A! and faulted stacking area~area B! are formed, as
was mentioned in the previous section. Difference of int
face stacking produces potential variation in the overlay
The faulted area seems to act as a potential barrier for
plane electron waves in the overlayer, since the area is e
getically unfavorable. The faulted area is located between
two unfaulted areas and the boundary line between
faulted and unfaulted areas is parallel to the lattice vecto
the overlayer and substrate. In-plane electron waves trave
to the right and left directions are scattered at both side
the faulted area. Thus, scattered electrons produce a twin
structure parallel to the lattice vector. The main compon
of the scattering electrons is considered to be derived f
electron waves that are traveling in the faulted area ra
than those in the unfaulted area, as is observed in elec
wave scattering near the Au~111! steps.22
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D. Skewed hexagonal structure

Finally, we would like to discuss the origin of the skewe
hexagonal structure observed in the wagon-wheel-like n
work. The slight difference from the hexagonal symmetry
MoS2~0001! can be explained only by a little modification
The structure is represented by the product of two regu
honeycomb waves with a period different by 10% and
stacking of the overlayer rotated by only 1.0°. The simula
pattern is shown in Fig. 8~a!. Only 1.0° rotation of the over-
layer with respect to the substrate gives remarkable cha

FIG. 7. Superposition of two sets of lattices with periods diffe
ent by 10%.~a! Product of two mismatched honeycomb waves.~b!
Schematic image of~a!. Stacking between two lattices is faulted
area B~white! and unfaulted in area A~gray!. ~c! Product of two
mismatched localized atomic waves.
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in the triangular network, as is shown in Fig. 8~b!. Disconti-
nuities of bright-line areas appear in the figure. The amo
of the discontinuity is determined by the rotation angle of
overlayer and the degree of the lattice mismatch.23 In the
case of the MoSe2/MoS2 heterostructure~the lattice mis-

FIG. 8. ~a! Product pattern of two honeycomb waves with pe
ods different by 10% and with directions rotated by 1.0°.~b! Sche-
matic image of~a!. Skewed structure is clearly formed by the rot
tion even by using two homogeneous honeycomb waves.
pl

A

l.

n

G

a

en
nt
e

match is 4.1%! only 0.3° rotational angle would produc
1-nm discontinuity of the bright-line areas. Such a small
tation angle is quite unusual, and it is considered to co
from other factors that cannot be understood by a mass
sity wave proposed by McTague and Novaco.24 It must be
noted that the boundary line between two areas in Fig. 8~b!
seems to be almost parallel to the lattice vector of overla
or substrate. This model represents the characteristic pro
ties of the observed STM images. The present mode
clearly different from a recent theoretical calculation25 in
which lattice distortion was predicted by the Monte Ca
simulation.9

Although we referred the modulated structure as ‘‘mo´
structure’’ in previous papers, it is concluded that the mod
lated structure is not caused by the ‘‘moire´’’ effect, but by
the electronic interaction in the present paper. Therefore
seems to be more appropriate to call it the modulated st
ture or the superstructure hereafter.

V. CONCLUSION

The thin MoSe2 film on the MoS2 system has been inves
tigated in detail by STM and STS. The wagon-wheel-li
structure made of the bright twin lines was observed in ST
with the skewed hexagonal lattice. The STM images sh
the strong bias dependence. Although the observed im
was previously explained by the simple moire´ effect, a new
mechanism is proposed to explain the high-resolution S
images observed in the present experiment. STM and S
were observed in MoS2 and MoSe2 for a reference. It has
been found from STS spectra taken for the MoSe2/MoS2
heterostructure that the bright area mainly results from
plane spread chalcogen orbitals. The modulated images
enhanced by scattered electron waves at the edge of the
faulted area. This model also reproduces the superstruc
which has been observed in the similar STM images of
thin MoSe2 film on SnS2.1
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