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Light emission from spectral analysis of AuÕMoS2 nanocontacts stimulated
by scanning tunneling microscopy

A. Carladous, R. Coratger,* F. Ajustron, G. Seine, R. Pe´chou, and J. Beauvillain
CEMES/CNRS, 29, rue Jeanne Marvig, Boıˆte Postale 4347, 31055 Toulouse, France

~Received 6 February 2001; revised manuscript received 27 December 2001; published 28 June 2002!

Due to a Volmer-Weber growth mode, the deposition of ultrathin gold films on molybdenite substrates leads
to the formation of three-dimensional gold islands. The light emission detected on these islands has been
attributed to a radiative decay of localized plasmons excited by inelastic tunneling electrons. This emission
exhibits puzzling properties compared to what is usually observed on thicker gold films. Spectral analysis of
emitted light enables current-voltage characteristics of the Au/MoS2 interface to be determined at a nanometer
scale.

DOI: 10.1103/PhysRevB.66.045401 PACS number~s!: 78.20.Jq, 07.79.Cz
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INTRODUCTION

The scanning tunneling microscope~STM! designed by
Binnig and Rohrer1 in 1981 allows conductive and semico
ductive surfaces to be observed with a subnanometer res
tion. Various applications of the STM have been made us
different surface processes. Among these, photon emissio
the tunnel junction of the microscope is particularly intere
ing when it comes to investigating surface properties at
atomic scale.

Photons have been detected on noble metals in ultra
vacuum2 and in air.3 This emission has been attributed to
radiative decay of a localized plasmon excited by inela
tunneling electrons. In air, spectral analysis of the emit
light for Au-Au tunneling junctions has been performed.4,5

Spectra studied as a function of tunneling current and sur
bias voltage have shown similar, reproducible characteris

In this paper, an original application of light emissio
stimulated by STM is reported. Three-dimensional~3D! gold
islands have been obtained by depositing very thin gold fi
on molybdenite substrates. Light emission has been dete
on these islands and exhibits puzzling properties. Spec
analysis of the emitted light has been conducted on var
islands. Following a comparison with the spectra usually
tained on thicker gold films, electrical properties of t
Au/MoS2 interface have been investigated.

EXPERIMENTAL SETUP

The experimental setup has already been descr
elsewhere.6 A customized~pocket-size! STM operating in the
constant current mode was adapted for photon detection.
tical fibres ~core diameter51 mm! placed at about 1 mm
from the tunneling junction conveyed the emitted photons
a photomultiplier ~PM! and a spectrometer. The PM
~Hamamatsu R943-02! operates in the photon counting mod
with a dark count rate of 20 count/sec at 255 K in the 18
900 nm range. The complete range has been used to dra
photon mappings of the scanned areas. The spectrom
consists of an optical multichannel analyzer~EG&G, OMA
1245! connected to a charge-coupled device detector co
at 173 K and operating in the 300–1050 nm range. T
experimental setup allows simultaneous acquisition of S
0163-1829/2002/66~4!/045401~8!/$20.00 66 0454
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topography, related photon mapping and emission spect
that represents the emitted photon number versus w
length.

Tips were prepared by cutting 0.25-mm-diameter go
wires. Single molybdenite crystals provided by Wards Ge
ogy were used as substrates. Fresh surfaces were prepar
cleaving in air, producing atomically flat areas severalmm2

in size. After cleavage, the MoS2 substrate (63431 mm3)
was inserted into the evaporator and baked for 2 h at 350
Gold was then evaporated on part of the substrate
34 mm2) from a resistively heated molybdenum boat
1028 Torr vacuum with a deposition rate of about 2–5 Å s21

to obtain a mean coverage thickness varying between 2 a
nm. Deposition rate was measured with a quartz-crystal
cillator. The substrate temperature was maintained du
film deposition. Post-deposition annealing was then c
ducted at the same temperature for 15 min. Ohmic con
was obtained by means of a conductive silver cement on
bare part of the molybdenite substrate (234 mm2).

As already shown using transmission electr
microscopy7,8 this experimental process results in epitax
thin gold films growing under a Volmer-Weber mode: 3
particles or atom clusters first nucleate and then grow
coalesce with each other to form a continuous film depe
ing on the deposited thickness.

RESULTS

Gold thickness: 8 nm

The island-by-island growth mode clearly appears on
tunneling topography shown in Fig. 1~a! ~Vs52.1 V, I t
55 nA; area 4003400 nm2!. Islands of various shapes an
surfaces can clearly be seen: two of them, hexagona
shape, are denotedA. An island, denotedB, appears in the
bottom right corner of the image. Another, denotedC, which
has a surface of about 52 000 nm2 can be observed in the
middle of the topography.

On this sample, photon maps exhibit large contrasts
are functions of the tunneling current as clearly shown
Figs. 1~b! and 1~c!. Figure 1~b! has been obtained at a bia
voltage of 2.1 V and a tunneling current of 5 nA. The ave
age light intensity depends on the islands. When the tip sc
©2002 The American Physical Society01-1



A. CARLADOUS et al. PHYSICAL REVIEW B 66, 045401 ~2002!
FIG. 1. ~a! STM topography of a 8-nm-thick
gold layer deposited on MoS2 ~Vs52.1 V, I t

55 nA!. Three types of island are denotedA, B,
andC respectively.~b! Simultaneous photon map
of the same area~Vs52.1 V, I t55 nA!. ~c! Pho-
ton map of the same area atVS52.1 V and I t

515 nA.
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hexagonal-shaped island~denotedA!, only the dark count
rate of the PM is observed. On the other hand, on islandB,
the average photon number is about 1800 photons/s ve
770 photons only on islandC. Figure 1~c! shows a photon
map acquired on the same area at the same bias voltag
with a tunneling current of 15 nA. Evolution of photon num
ber with tunneling current differs according to the isla
considered. While the average light intensity is increas
with the tunneling current on islandB ~2560 photons/s are
detected!, a strong decrease in photon number appears
island C ~only the dark count rate is measured!. On
hexagonal-shaped islands, emission yield remains insig
cant.

This decrease in photon emission when tunneling cur
is increased has never been reported on thicker gold fi
On the other hand, it has been clearly demonstrated u
spectral analysis that light intensity always increases w
tunneling current on a 100-nm-thick gold film.4 To compre-
hend the different behaviors observed on these islands,
ticularly on theC type, emission spectra have been stud
on various islands and compared to those previously
tained on thicker gold films.

Figure 2~a! shows four spectra acquired at two differe
bias voltages,1.9 V @spectra~a! and ~c!# and2.1 V @~b! and
~d!# on islandsB @spectra~c! and~d!# andC @spectra~a! and
~b!# of Fig. 1~a!. Tunnelling current is set at 5 nA for a
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exposure time of 200 s. On islandB, spectrum~c! presents
two peaks at a bias voltage of 1.9 V centered at 1.44 and 1
eV. The experimental high-energy cutoff is measured at 1
eV and is in good agreement with the quantum lawEmax

5hc/lcutoff5eVs . It should be noted that this cutoff canno
be calculated from a power-law fit as in luminescence
periments on semiconductors because the experimental s
trum cannot be simply fitted by a mathematical functio
Then, this value is estimated from the noise level of ea
spectrum with an accuracy of about 20 meV in this ene
range. On islandC, the emission spectrum~a! has not the
same characteristics when bias voltage is maintained at
V. Indeed, a broad peak centred at 1.38 eV and a high-en
cutoff at 1.55 eV can clearly be seen on the emission sp
trum ~a!.

When bias voltage increases, the same behavior is
served. On islandB, the spectrum at 2.1 V presents tw
peaks at 1.44 and 1.77 eV and its high-energy cutoff is
good agreement with the quantum law. On islandC, two
peaks are also present but centred on different waveleng
1.44 and 1.59 eV. In this case, the high-energy cutoff~about
1.77 eV!, is lower than the one computed.

On thicker gold films, peak position strongly depends
the tip used, while the high-energy cutoff is independe
This is demonstrated in Fig. 2~b!. This emission spectrum
1-2
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LIGHT EMISSIONS FROM SPECTRAL ANALYSIS OF . . . PHYSICAL REVIEW B 66, 045401 ~2002!
has been obtained using another gold tip on a thick g
layer, 40 nm in thickness, deposited on the same MoS2 sub-
strate. In this case, the theoretical high-energy cutoff~indi-
cated by an arrow! is in perfect agreement with the exper
mental one, while the peak number and peak wavelength
different from Fig. 2~a!. Previous investigations on thic
gold films deposited on glass and on mica have also dem
strated that this high-energy cutoff only depends on the b
voltage and follows the quantum law except for low bi
voltages where a small offset of about 100 meV can be no
between the maximum energy of emitted photons and
maximum energy of injected electrons.4,5 Other papers con
cerning STM induced photon emission spectroscopy in
on granular gold surfaces9 and in UHV on thick layers of
different metals also present the same characteristics fo
cutoff wavelength.10,11 Finally, recent papers concernin
small metallic particles12,13show that the peak position in th
spectra depends on the particle but the high-energy cu
are always constant.13

By comparison with these previous results concern
high-energy cutoffs, the spectra obtained on islandC suggest
that a voltage drop occurs on this island while islandB be-

FIG. 2. ~a! Spectroscopy of the emitted light carried out o
islandsB andC as shown in Fig. 1 at two different bias voltage
1.9 and 2.1 V with the same tunneling current 5 nA.~b! Spectros-
copy of light emitted from a continuous gold layer 40 nm in thic
ness deposited on MoS2 . The bias voltage is 1.87 V with a tunne
ing current of 5 nA. The arrow shows the cutoff energy given by
quantum law. A good agreement with the experimental thresh
can be observed.
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haves as a thin gold layer. The real voltage between the
and theC island (Vtun) is not the one applied between the t
and the molybdenite substrate (Vs). Then, a voltage drop
DV5Vs2Vtun, occurs at the metal/semiconductor interfac
It can easily be calculated using the high-energy cutoff. F
example, spectrum~a! acquired atVs51.9 V on islandC is
typical of a spectrum that might be obtained at a real volta
of Vtun51.5 V applied between the tip and the gold islan
Then, the Au/MoS2 interface exhibits a voltage drop of 0.
V. The same drop appears when bias voltageVs increases to
2.1 V and spectrum~b! might be obtained atVtun51.7 V on
thicker gold layers. It should be noted that the same met
has previously been used by Ueharaet al. to obtain the volt-
age drop between small gold particles and an aluminum s
strate through a thin oxide layer.14 On the other hand, it
should be pointed out that no voltage drop is measured
islandB. Then, for this island,Vs is equal toVtun.

The island behavior has also been studied in terms
tunneling current. Figure 3 shows the spectrum evolution
a function of I t on B @Fig. 3~a!# and C @Fig. 3~b!# islands.
Experiments were carried out with a constant exposure
200 s. On islandB, while bias voltage is set at 1.7 V, tunne
ing current is increased from 5 to 15 nA. Peak position~1.44
and 1.59 eV! and high-energy cutoff~at about 1.77 eV! are
independent of the current. Then, on islandB, emission yield

e
ld

FIG. 3. ~a! Spectroscopy on islandB at 5 and 15 nA. Bias
voltage is 1.7 V.~b! Same experiment on islandC at 8 and 10 nA
(Vs52.3 V).
1-3
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A. CARLADOUS et al. PHYSICAL REVIEW B 66, 045401 ~2002!
FIG. 4. ~a! STM topography of a gold layer 5
nm in thickness deposited on MoS2 ~Vs52.3 V,
I t52 nA!. ~b! Simultaneous photon map of th
same area~Vs52.3 V, I t52 nA!. ~c! Photon map
of the same area but at a tunneling current of
nA (Vs52.3 V).
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is just enhanced when tunneling current is increased a
usually the case on thick gold films.4

On islandC, the spectrum evolves very differently wit
tunneling current. Figure 3~b! presents two spectra at a co
stant bias voltage of 2.3 V with a tunnelling current of 8 a
10 nA ~exposure time 200 s!. It clearly appears that when th
tunneling current is increased, light intensity decreases
the high-energy cutoff shifts to high values~estimated to be
about 200 meV!. The small shift observed in this case is d
to the small increase of the tunneling current~from 8 to 10
nA!. Larger shifts can be observed, for example, by doubl
the current value. Moreover, while spectrum~a! presents two
peaks centred at 1.44 and 1.59 eV, only one is present at
eV on spectrum~b!.

Then, at 8 nA, this voltage drop at the Au/MoS2 interface
is 2.3-1.750.6 V @Fig. 3~a!#. The same method using th
spectrum at 10 nA@Fig. 3~b!# gives DV50.8 V ~in good
agreement with the shift of 200 meV observed between
two spectra in Fig. 3~b!!. It has to be pointed out that thi
voltage drop is therefore increasing with the tunneling c
rent. This has been observed on various islands on the 8
thick film. This voltage drop also explains that no emissi
can be detected on some islands. For largeDV values, the
real voltage applied between the tip and the gold island is
high enough to allow a significant emission rate. The ove
shape of the spectra is also strongly dependent onDV be-
cause the high-energy modes cannot be excited by tunne
electrons. On these particular islands, the spectra
04540
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present only one peak or a broad shoulder at high wa
length@see Fig. 2~a!#. To find a spectrum shape similar to th
one obtained on a conventional island, it is necessary ei
to increase the bias voltage or to decrease the tunneling
rent. However, thinner films exhibit another behavior.

Gold thickness: 5 nm

Figure 4~a! presents the tunneling topography of a go
film, 5 nm in thickness, deposited on the MoS2 substrate
(Vs52.3 V,I t52 nA). Surface consists in 3D islands wit
areas less than 10 000 nm2 and a height of about 5 nm. Thi
film exhibits equilateral-triangle-shaped and hexagon
shaped islands, demonstrating that the Volmer-Weber gro
mode occurs along the@111# direction. An island in the
middle of the image is denotedA.

On this surface, photons are detected for a bias volt
higher than 2.1 V. Figure 4~b! shows the photon map ac
quired for a tunneling current of 2 nA and a bias voltage
2.3 V. Emission rate is constant from one island to anoth
For example, the average photon number recorded on is
denotedA is about 640 photons/s. When the tunneling c
rent is increased, the overall photon yield increases in
same way throughout the island as shown in the Fig. 4~c!,
where tunneling current is set at 10 nA. In this case, 22
photons/s are detected on islandA.

Spectral analysis of emitted light has been performed
island A to assess the difference that can be noted on
1-4
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LIGHT EMISSIONS FROM SPECTRAL ANALYSIS OF . . . PHYSICAL REVIEW B 66, 045401 ~2002!
5-nm-thick gold layer relative to the 8-nm-thickness depo
Figure 5~a! presents the spectrum evolution in terms of b
voltage in the 2.1–2.7 V range. In this case, the overall em
sion rate increases with applied bias voltage whereas a
intensity decrease is observed when bias voltage exceed
V. New high-energy components are visible whenVs in-
creases from 2.1 to 2.7 V~see the peak at 1.65 eV! and a
blueshift in spectrum high-energy cutoff is also observ
The same spectrum evolution with bias voltages from 1.6
2.05 V has previously been observed on thicker gold films4,5

Using high-energy cutoffs, a constant voltage drop of 0.6
can be measured at the Au/MoS2 interface on islandA. Then,
a spectrum obtained on islandA at 2.1 V corresponds to th
one acquired at a voltage of 1.5 V that really exists betw
the tip and the gold island. At a fixed tunneling current, t
voltage drop remains unchanged when bias voltage
creases.

The evolution of this voltage drop as a function of tunn
ing current is shown in Fig. 5~b!. These experiments hav
been conducted withI t ranging from 2 to 10 nA for a bias
voltage set at 2.3 V. An increase in emission yield is clea
shown but emission wavelengths do not change when
tunneling current varies: a peak centred at 1.4 eV clea
appears on the different spectra. Moreover, high-energy
offs of spectra remain unchanged and can be observe
1.75 eV. On thick gold layers, such thresholds are obser

FIG. 5. Emission spectra of a 5-nm-thick gold layer deposi
on MoS2 . ~a! Experiments have been carried out on islandA at four
different bias voltages 2.1, 2.3, 2.5, and 2.7 V with a constant t
neling current (I t55 nA). ~b! Spectrum evolution in terms of tun
neling current on the same sample (Vs52.3 V).
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at a bias voltage of 1.7 V.5 Then, it can be concluded that th
real voltage between the tip and gold island is 1.70 V an
voltage drop of 0.6 V appears at the metal/semiconduc
interface. Moreover, this voltage drop is independent of
tunneling current.

DISCUSSION

The metal/semiconductor interface can be electrica
characterized by spectral analysis of the emitted light.
deed, current-voltage characteristics at the interface are
tained using the voltage drop variations with tunneling c
rent. Figure 6 represents this evolution for films of differe
thicknesses: data symbolized by a square have been obta
on the 8-nm-thick film on islandC ~Fig. 1!, whereas those
represented by a circle have been acquired on 5-nm-t
gold film on islandA ~Fig. 4!. These current-voltage charac
teristics differ greatly from one film to another: while voltag
drop is proportional to the tunneling current for the 8-nm
thick film, it remains unchanged in terms of tunneling cu
rent on 5-nm-thick gold films. Therefore, it can be conclud
that there exists a resistance at the metal/semiconducto
terface for the 8-nm-thick layer and its calculated value is
Mohms. On the 5-nm thick layer, the interface behaves a

d

-

FIG. 6. Current-voltage characteristics of the Au/MoS2 interface
obtained on both samples: 8-nm-thick gold sample~small square!
and 5-nm thick gold sample~small circle!.

FIG. 7. Conductance variations in terms of island surface
duced from photon spectroscopy measurements.
1-5
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A. CARLADOUS et al. PHYSICAL REVIEW B 66, 045401 ~2002!
FIG. 8. ~a! STM topography of a 5-nm-thick gold layer deposited on MoS2 (I t52 nA). ~b! Simultaneous photon map. Two island note
A andB in the topography give different emission yields.~c! Emission spectra performed on islandA at three different bias voltages. From
the high-energy cutoffs, a voltage drop of 0.7 V has been obtained (I t515 nA). ~d! Same experiments carried out on islandB. In this case,
the measured voltage drop is 0.6 V (I t515 nA).
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Schottky junction with a threshold voltage of 0.6 V. This
confirmed by the fact that tunneling is impossible for b
voltages below this value. The measured threshold volt
can be compared to the Schottky barrier height of
Au/MoS2 contact given by Mo¨nch15 and is equal to 0.8 V.
The threshold voltage is logically found to be lower than t
Schottky barrier height.16

The presence of an interface resistance has been de
strated on the 8-nm-thick film for islandC ~Fig. 1!. As dif-
ferent emission yields have been observed on various isla
for the same tunneling conditions@Fig. 1~b!#, one can mea-
sure the resistance of the metal/semiconductor interface
each island. It appears that the resistance value is stro
dependent on island area. Figure 7 shows the evolution o
interface conductance with island area. While the data s
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bolized by a square and a circle have been obtained from
different gold tips on the same 8-nm-thick film, the res
represented by a triangle has been acquired on another 8
thick gold deposit. The measured conductance is prop
tional to the island surface whatever the tip and provided
gold thickness is 8 nm. Its value is typically
31023 Mohm21 per 104 nm2 and typical resistance value
are in the 100 Mohms range. This surface-dependent re
tance also accounts for the fact that each island yield
characteristic emission rate.

The second study performed on 5-nm-thick layers dem
strates that the junction behaves as a Schottky contact
then, each nanojunction can be studied separately. On a
photon maps, the emission rate is found to depend on
observed islands. An example is given in Fig. 8. Tunnel
1-6
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LIGHT EMISSIONS FROM SPECTRAL ANALYSIS OF . . . PHYSICAL REVIEW B 66, 045401 ~2002!
topography@Fig. 8~a!# and photon map@Fig. 8~b!# have been
acquired at 2.1 V and 2 nA. Two islands, one hexagona
shape and another ellipsoidal are denotedA and B, respec-
tively. On a photon map, a contrast between these two
lands can be observed: 300 photons/s are recorded on is
B, whereas only the dark count rate of the photomultiplie
observed when the tip scans islandA. The lack of photon
emission on this island is due to the low tunneling curr
and the local voltage drop. To understand this difference
light intensity, the spectral analysis of emitted light has be
performed on islandsA andB using a higher tunneling cur
rent ~15 nA!. Due to the rectifying behavior of these nan
contacts, the voltage drop remains the same. Figures 8~c! and
8~d! present the spectrum evolution with bias voltage on
landsA andB, respectively. Bias voltage varies between 2
and 2.3 V for the hexagonal-shaped island and between
and 2.2 V for islandB. Spectrum acquired at 2.0 V on islan
B corresponds to the one obtained on islandA at a bias volt-
age fixed at 2.1 V. Then, for the islandA, a voltage drop of
0.7 V can be measured whereas a 0.6 V drop appears
islandB. On each island, this drop is found to be independ
of the tunneling current. Therefore, both islands exhibi
Schottky behavior and two different threshold voltages
observed. As the islands have similar areas, this differe
can be explained by two different Schottky barrier heights
the metal/semiconductor interface. An effect of the isla
height has also to be rejected because Fig. 8~a! clearly dem-
onstrates that a greater part of the islands surroundingA ex-
hibits the same height but a constant voltage drop of 0.6
These observations cannot be accounted for by a diffe
crystallographic orientation at the nanometer scale. The p
ence of localized defects on the molybdenite substrate
face below islandA can therefore be put forward to expla
the different Schottky barrier heights. Indeed, unlike sugg
tions by previous studies using transmission electron mic
copy, Ichinokawaet al.17 have shown by scanning tunnellin
microscopy that very few defects exist on a molybdenite s
face cleaved in air. That could explain why different barr
heights have seldom been observed in this study.

Spectroscopic imaging experiments on these thin g
layers have also been performed. DirectI (V) plots are not
usable because the voltage drop at the interface prev
from knowing exactly the bias voltage applied between
tip and the island. Then, spectroscopic imaging can be u
to observe the peculiar behavior of each contact. Figure~a!
shows a topography of the gold layer 8 nm in thickness a
bias voltage of 650 mV. The central part exhibits a triangu
island surrounded by larger ones. Figure 9~b! has been ob-
tained using a constant modulation of the bias voltage of
mV during the scan and representing the induced variat
of the tunneling current shown in gray levels@DI (DV) im-
aging#. This image clearly demonstrates that the small isla
behaves differently from the surrounding layer because
induced current variations are larger on this triangular str
ture. It should be noted that this effect disappears at h
voltage~typically above 1 V!. The voltage drop at the inter
face again explains this observation because it induce
slight decrease of the tip-sample distance when the tip s
the island. Then, the current variations are measured o
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I (V) curve calculated for a smaller tip-sample distance.
low voltage, the slope of theI (V) curve increases as th
distance decreases because, for a given distance, the vo
threshold at which the tunneling current flows in the ST
junction is smaller when the tip is close to the sample.
high voltage, theI (V) curves are almost parallel and th
contrast disappears. However, it is impossible from these
periments to obtain the voltage drop at the interface or
electrical characteristics of the nanocontacts. Photon em
sion experiments remain the unique tool to perform su
measurements.

The behavior of small Ag and Au particles has been
ready studied using photon emission experiments by Kin
et al.18 and Ueharaet al.14 In this last reference, small volt
age drops of about 50 meV in the photon spectra of small
particles deposited on oxidized Al surfaces have be
presented.14 The authors suggest that this effect is related
Coulomb blockade due to the small capacitance of the
particle and particle-substrate junctions. Then, they dem
strate that single-electron charging effects can be obse
even at room temperature using photon emission spec
copy. This interpretation could also be used in the case of
islands on MoS2. Further experiments using thinner go
films with very small gold islands are in hand to comprehe
this intriguing behavior and particularly the large volta
drops that have been obtained. More generally, these re

FIG. 9. ~a! Topography of the 8-nm-thick gold layer (12
3120 nm2) performed at a bias voltage of 0.650 mV.~b! DI (DV)
spectroscopic image of the same area. The bias voltage modul
is 0.150 mV. A significant contrast appears on the triangular g
island.
1-7
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also suggest that light emission can be used to study
electrical characteristics of nanoobjects without physi
contact.

CONCLUSION

By conducting a spectral analysis of the light emitted
the STM junction, it has been demonstrated that curre
voltage characteristics of Au/MoS2 nanojunctions can be ob
tained. On 8-nm-thick deposits, an interface resistance
been observed. It has equally been shown that the meas
conductance is proportional to the island area and that re
tance values are about 100 Mohms. On 5-nm-thick depos
each island exhibits a Schottky junction behavior at the
terface. Different barrier heights have been observed
molybdenite surface defects are invoked to account for th
observations.

Further studies are planned to comprehend the differ
s
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findings on both thicknesses and to explain the transi
between the contact resistance and the Schottky junc
Besides, in the case of a Schottky behavior it will be int
esting to study the influence of surface defects on the thr
old voltage value and then, the evolution of the Schot
barrier height. Indeed, defects can easily be created by1

ion bombardment as already performed by Lince, Carre´, and
Fleischauer.19 The study of these current-voltage characte
tics at the nanometer scale can be also extended to o
layered substrates such as WSe2 and WS2. Indeed, Retten-
bergeret al.20 have shown that growth of gold on these su
strates also follows the Volmer-Weber mode.
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