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ABSTRACT: We report field electron emission investigations on pulsed
laser-deposited molybdenum disulfide (MoS2) thin films on W-tip and Si
substrates. In both cases, under the chosen growth conditions, the dry
process of pulsed laser deposition (PLD) is seen to render a dense
nanostructured morphology of MoS2, which is important for local electric
field enhancement in field emission application. In the case of the MoS2 film
on silicon (Si), the turn-on field required to draw an emission current density
of 10 μA/cm2 is found to be 2.8 V/μm. Interestingly, the MoS2 film on a
tungsten (W) tip emitter delivers a large emission current density of ∼30
mA/cm2 at a relatively lower applied voltage of ∼3.8 kV. Thus, the PLD-
MoS2 can be utilized for various field emission-based applications. We also
report our results of photodiode-like behavior in (n- and p- type) Si/PLD-
MoS2 heterostructures. Finally we show that MoS2 films deposited on flexible
kapton substrate show a good photoresponse and recovery. Our
investigations thus hold great promise for the development of PLD MoS2 films in application domains such as field emitters
and heterostructures for novel nanoelectronic devices.
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1. INTRODUCTION

Field-emission display (FED) devices contain nanotip
structures that emit electrons under the application of a strong
electrostatic field (106−107 V/cm), and these electrons
accelerated by a few kilovolt potential generate an image on a
phosphor screen via cathodoluminescence. The FEDs provide
high contrast and brightness along with good picture quality at
low power consumption, as compared to other displays.
Currently, most of the field emission-based devices use an
array of micro/nanotips as a cathode (termed as Spindt
cathode), which essentially requires e-beam lithography or
photolithography for fabrication purposes. In contrast to the
Spindt cathodes, a cheaper and simpler alternative can be an
unpatterned thin film(s) of high aspect ratio nanostructures
(termed as a planar cathode). In addition to display devices,
one of the application domains for cold cathodes is the electron
microscope, wherein “point” source geometry (similar to a
conventional single microtip cathode) is desirable, rather than a
planar cathode.1 For fabrication of field emission-based electron
sources, various one-dimensional (1D) and two-dimensional
(2D) nanomaterials such as carbon nanotubes,2−4 zinc
oxide,5−8 tin oxide,9,10 graphene,11,12 MoS2 nanotubes13 and
nanoflowers,14 lanthanum hexaboride thin films15−18 etc., have

been widely explored. Currently, 2D atomically thin inorganic
layered materials are being considered as potential candidates
for planar device technologies and very recently have been
investigated by a number of researchers.19−36

Among the various inorganic 2D layered materials, MoS2 has
attracted a great deal of attention from the scientific community
in view of its unique combination of application-worthy
physical properties. The structure of MoS2 involves recurring
units of layers composed of an atomic plane of Mo sandwiched
between two atomic planes of S in a trigonal arrangement (S−
Mo−S). Bulk MoS2 has an indirect band gap of 1.2 eV, while
atomic thin layer MoS2 has a direct band gap of ∼1.8 eV.
Furthermore, MoS2 exhibits a good electrical conductivity
(∼0.5 Ω−1 cm−1).37 Recently we have reported field emission
characteristics of MoS2 nanosheets drop casted on Si substrate,
and the results are promising.25 Such drop-casted films using
presynthesized MoS2 flakes are however fairly nonuniform due
to the tendency of nanoflakes to agglomerate on the Si
substrate during drying.25 Furthermore, it was realized that
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these drop-casted films exhibit poor adherence to the Si
substrate thereby posing a limitation for practical applications.
Hence, it is desirable to explore processes for growth of nearly
stoichiometric dense and well adherent films preferably via a
dry processing route. PLD is one such technique that can
render fairly stoichiometric transfer of atomic species from a
bulk target to a thin film under controlled ambient conditions
for a diverse classes of systems.38−44 The chemical composition,
resultant stoichiometry, and morphology of the PLD film
depend on process variables such as laser fluence, deposition
temperature, ambient type, gas pressure, etc., which can be
tuned/optimized to obtain films of desired quality.42−44

Another unique advantage offered by the PLD process is
evolution of the film through surface impingement of highly
energetic (0.1−10 eV) ionic and ionized radical species, as
against a simple soft landing of atomic species rendered by
thermal evaporation. Importantly, this ion bombardment can
also assist film texture development under optimized
conditions. In the context of field enhancement, such texturing
clearly holds the key. Moreover, PLD being a single target
process, adjusting stoichiometry is much easier than multiple
source thermal evaporation or the sputtering process. There-
fore, in this work we have explored the use of the PLD
technique to grow MoS2 films on Si, W, and flexible kapton
substrate for evaluation of their field emission and photo-
response properties. As our results reveal, the PLD of MoS2
films indeed renders the desirable dense nanostructured
morphology of interest to field emission, yielding large
emission current density with impressive field enhancement
factors.14,25 Further, the PLD MoS2 films on flexible kapton
substrates have greater prospects for flexible smart devices such
as photodetectors, transistors, sensors, etc.

2. RESULTS AND DISCUSSION
The morphology of PLD MoS2 films on Si and W-tip substrates
observed using field emission scanning electron microscopy
(FESEM) is depicted in Figure 1. In the case of MoS2/W-tip
sample, as seen from Figure 1a,b, the W-tip substrate surface is
fully covered by the MoS2 film, along with an overgrowth of
20−60 nm size nanocrystals of MoS2. This reflects Stransky−
Krastinov growth mode for this film−substrate combina-
tion,39−41 which is in fact beneficial in the context of electron
emitter application. The inset of Figure 1a shows the image of a
bare W-tip. The surface morphology of the MoS2/Si sample
(Figure 1c) is characterized by the presence of nanometric
protrusions on MoS2 film, which uniformly covers the entire Si
substrate surface.
The Raman analysis, discussed in a later section, reveals that

the PLD process of MoS2 on the W-tip and Si surfaces indeed
leads to nearly stoichiometric growth of the right phase of
MoS2, because they do not show any additional features other
than those observed for high quality MoS2. X-ray photoelectron
spectroscopy (XPS) analysis, presented and discussed in
Supporting Information, further confirms nearly stoichiometric
growth of the MoS2 phase. Herein the word “nearly
stoichiometric” implies that the atomic ratio Mo:S is fairly
close to 1:2. Using atomic force microscopy (AFM), the
average thickness of MoS2 film deposited on Si substrate was
estimated to be ∼120 nm.
Figure 2a shows the FESEM image of MoS2 thin film on the

Si substrate. The film surface morphology clearly shows surface
protrusions which can serve the function of self-formed emitter
tips. We also performed a scanning tunneling microscopy

(STM) study mainly to establish the n-type character of MoS2
through tunneling measurement. For this study, the film was
deposited at a lower laser energy density of 0.5 J/cm2 with 900
shots so as to get a smoother surface. The Raman data for this
film also confirmed the MoS2 character. Figure 2b shows a
typical current−voltage (I−V) characteristic of MoS2 thin film
deposited on p-Si substrate recorded using scanning tunneling
spectroscopy (STS). In the inset of Figure 2b we show the I−V
characteristic of p-type bare Si substrate. Note that we have
only used p-type Si substrate for the scanning tunneling
microscopy/spectroscopy (STM/STS) study. Further, we have
also measured I−V characteristics on bare p-type Si and then
the same Si substrate was used for the deposition of MoS2 film.
We calculated the bandgap of p-type Si substrate from the first
derivative of I−V characteristics (inset of Figure 2b) obtained
from STS data and which is observed to be 1.1 eV. The
variation observed in the I−V characteristics of bare p-type Si
and MoS2 film deposited on p-type Si suggests the uniform
coverage of MoS2 thin film on p-type Si substrates.
Raman spectroscopy is a powerful technique sensitive to

thickness, crystallographic orientation, stress, chemical compo-
sition, and phase transition of the material subjected to
investigation. Figure 2c shows comparative Raman spectra of
MoS2 bulk and PLD MoS2/Si emitter. Interestingly, both
samples exhibit characteristic peaks corresponding to E1

2g and
A1g modes, originating from the in-plane and out-of-plane

Figure 1. Field emission scanning electron microscope images of
pulsed laser-deposited MoS2 thin film: (a and b) on W-tip substrate,
and (c) on Si substrate (deposited with laser fluence 2 J/cm2, laser
shots 900, thickness ∼120 nm). Inset of panel a shows an image of the
bare W-tip.
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Figure 2. PLD MoS2 thin film on Si substrate (laser fluence 0.5 J/cm2, laser shots 900, thickness ∼50 nm): (a) FESEM image. (b) Typical I−V
characteristics of MoS2 thin film deposited on p-type Si, and inset of panel b shows the I−V characteristic of bare p-type Si recorded using scanning
tunneling spectroscopy. (c) Comparative Raman spectra of bulk MoS2 and pulsed laser-deposited MoS2 thin film on Si substrates.

Figure 3. Field emission of PLD MoS2 films on W-tip substrates (thickness ∼120 nm): (a) J−V characteristics, (b) F−N plot showing nonlinear
behavior indicating the emission current from the semiconducting emitter. (c) Field emission current stability (I−t) plot for MoS2/W-tip emitter.
(d) Field emission image recorded at 3.2 kV.
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vibrations, respectively. Furthermore, the Raman data reveal
broadening and phonon shifts in both the E1

2g and A1g modes.
The observed spectra of bulk sample as well as pulsed laser-
deposited thin film samples were attributed to MoS2. Our
Raman results are found to be consistent with the reported
results in the literature.19,45−47

The FE measurements were carried out on PLD MoS2 thin
film on planar Si and W-tip substrates. The advantage of using
MoS2 thin films, for planner device technology such as flat
panel field emission display, and W-tips offers many
opportunities for both fundamental research and practical
applications such as field emission display and an intense
“point” electron source, respectively.
Figure 3a shows the field emission current density (J) versus

applied voltage (V) graph of the MoS2/W-tip field emitter.
With the gradual increase in applied voltage, the emission
current increases rapidly, indicating that the emission is indeed
as per the Fowler−Nordheim (F−N) theory.48−50 It is
interesting to note that we could draw emission current
density as large as 30 mA/cm2 at an applied voltage of 3.8 kV.
The observed J−V characteristics are further analyzed by
plotting a graph of ln(I/V2) versus (104/V), known as a F−N
plot. Figure 3b represents the corresponding F−N plot, which
exhibits nonlinear nature over the entire field range. The
nonlinearity observed in the F−N plot is a direct consequence
of the semiconducting nature of MoS2. On the basis of the
theory of field electron emission from semiconductors, the low
electric field region corresponds to the electron emission from
the conduction band, while the high electric field region
corresponds to the electron emission from the conduction band
and the valence band of MoS2.
Modifications to the original F−N theory for different

semiconducting materials have been discussed in the
literature.48−50 A modified F−N equation48−50 is used for the
analysis of field emission current density versus applied electric
field data from the F−N plot for PLD MoS2 thin film. The
modified F−N equation is as follows,

λ φ β φ
β

υ= −−
⎛
⎝⎜

⎞
⎠⎟J a E

b
E

exp ...M
1 2 2

3/2

F
(1)

where λM is the macroscopic pre-exponential correction factor,
J is the emission current density, E is the applied average
electric field (surface field), a and b are the constants (a = 1.54
× 10−6 AeV/V2, b = 6.83 eV−3/2 Vnm−1), φ is the work funtion
of the emitter, β is the field enhancement factor, and υF
(correction factor) is a particular value of the principal
Schottky−Nordheim barrier function υ. The field enhancement
factor is calculated from the slope (m) of F−N plot and work
function of the emitter. According to the modified F−N
theory,48−50 β is expressed as,

β φ= − ×
m

( 6.8 10 )3 3/2

(2)

Due to the presence of sharp protrusions on the emitter
surface, the local electric field at the apex of such protrusions
becomes amplified/enhanced and the corresponding field
enhancement factor (β) can be estimated using eq 2. In the
present case, to determine the value of the slope (m), the
observed F−N plot is resolved into two linear sections in low
and high field regions. By taking the value of φ for MoS2 as 4.36
eV51,52 the values of β are estimated to be ∼15 500 and ∼47
000 corresponding to the low and high field regions of MoS2
film deposited on W-tip substrate. Indeed such high values of β
are due to the presence of sharp nanometric size protrusions on
the emitter surface.
Figure 3c depicts the FE current stability characteristics of

the PLD MoS2/W-tip emitter, investigated at preset values of 1
μA and 10 μA, over a period of 3 h. The emitter exhibits good
emission current stability at a preset value of ∼1 μA. At a higher
preset value (10 μA), the emission stability curve exhibits
“excursions”. Furthermore, a careful observation reveals that the
excursions are superimposed with “spikes”. The main cause of
“spike”-like fluctuations are the adsorption/desorption and ion

Figure 4. Field emission of PLD MoS2 thin film on Si substrates (thickness ∼120 nm). (a) J−E characteristics, (b) F−N plot ln(J/E2) vs 1/E, (c)
field emission current stability (I−t) plot, and (d) field emission setup used for field emission investigations of PLD MoS2/Si. Inset of panel c shows
the field emission image recorded at an applied electric field of 3.5 V/μm.
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bombardment of residual gas molecules.11−18 During adsorp-
tion/desorption events, the local work function of the MoS2
thin film emitter varies slightly depending upon the nature of
the adsorbing molecule (either electropositive/electronegative
on the MoS2 emitter surface). Also, ion bombardment of
residual gas molecules due to the presence of a high
electrostatic field may lead to mechanical damage, creating
and destroying the emission sites at the MoS2 thin film surface,
which in turn cause the fluctuations in the field emission
current. Figure 3d shows the field emission image of the PLD
MoS2/W-tip emitter depicting the number of emission sites
representative of the presence of nanometric sharp protrusions
on the emitter surface. Postfield emission SEM investigations

were also carried out on the MoS2/W-tip emitter which
revealed no severe deterioration of the emitter surface after
long-term operation. This clearly signifies that the MoS2 thin
film prepared using PLD has excellent adhesion with the
substrate.
The J−E plot for the PLD MoS2/Si planar emitter is shown

in Figure 4a. The turn-on field required to draw emission
current density of 1 μA/cm2 is observed to be 2 V/μm. This
value of the electric field corresponding to 10 μA/cm2 is found
to be 2.8 V/μm, which is lower than that reported for a few
layers of MoS2 nanosheet/Si emitter (∼3.5 V/μm).25 The low
turn-on field observed in the present case may be attributed to
the presence of sharp protrusions and better electrical contact

Figure 5. (a) Schematic of MoS2−Si heterostructure device. (b) PLD MoS2 film deposited on flexible plastic kapton substrates shows conducting
behavior. (c) I−V curves of n-Si/MoS2 heterostructures (thickness ∼30 nm) upon light illumination of wavelength 365 nm and +1 V bias. (d) I−V
curves of p-Si/MoS2 heterostructures (thickness ∼30 nm) upon light illumination of wavelength 365 nm and +1 V bias.

Figure 6. (a) PLD MoS2 film (thickness ∼30 nm) deposited on flexible plastic kapton substrate can be clearly visible under white light. (b) Typical
gold electrode pattern on PLD MoS2/flexible plastic kapton substrate (c) I−V curves of MoS2 upon light illumination wavelength of 365 nm and +1
V bias. (d) Photoresponse of PLD MoS2 film on flexible plastic kapton substrate without any bias.
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between the emitter (MoS2) and substrate surface, anticipated
during PLD. It can be speculated that during film growth, the
substrate surface experiences bombardment from high energetic
ionic/radical species, which facilitates better electrical contact.
Figure 4b shows the F−N plot for the PLD MoS2/Si planar
emitter. The observed linear nature of the F−N plot indicates
that the field emission from the PLD MoS2 thin film on Si
substrate follows the quantum mechanical tunneling proc-
ess.48−50 The field enhancement factor (β) calculated from eq 2
was found to be ∼1900. The observed high field enhancement
factor can be attributed to the presence of nanometric size
protruding emitters of MoS2 (as evidenced by the FESEM
image Figure 1c). These nanometric size protrusions, offering a
high field enhancement factor, are mainly responsible for the
observed low turn-on field value. Figure 4c shows the emission
current−time (I−t) behavior measured at the preset current
values of 1 μA and 10 μA. The emission current fluctuations are
observed to be within ±10% of average value. The inset of
Figure 4c shows the field emission image of the PLD MoS2/Si
planar emitter. Figure 4d shows the typical experimental setup
used for field emission investigations of PLD MoS2/Si.
The PLD MoS2 thin films were also deposited on p- and n-

type clean Si substrates. Figure 5a shows the schematic of
MoS2−Si heterostructure, and Figure 5b shows the typical PLD
MoS2 film deposited on flexible plastic kapton substrates
showing conducting behavior. We unambiguously analyzed the
dependence of photoreponse behavior of PLD MoS2 film
deposited on n-type Si and p-type Si substrates with UV light
wavelength of 365 nm (∼1000 mW/cm2). Figure 5c shows the
I−V curves for n-Si/MoS2 heterostructures upon UV light
illumination (wavelength 365 nm) at +1 V bias, and Figure 5d
shows similar I−V curves for the p-Si/MoS2 heterostructures
(p-Si and n-Si resistivity ∼1−10 Ω-cm). Upon UV light
illumination, the reverse photocurrent is instantly increased and
reaches ∼9 μA for n-Si and ∼22 μA for p-Si substrate, which
clearly indicates that the PLD MoS2 films show a strong
response to ultraviolet light in these heterostructures. Upon UV
illumination, the excitons from an atomically thin layer of MoS2
film will be generated with energy larger than the bandgap. In
the case of forward bias, the photoexcited holes in the valence
band do not move to n-Si because of the larger barrier and
lower band offset.53 Figure 5d shows the I−V curves of p-Si/
MoS2 under UV light illumination. The I−V curve clearly
shows the rectifying characteristic. As seen from Figure 5,
panels c and d, for the case of p-Si/MoS2 heterostructure,
photocurrent increases slowly and has no tendency to saturate,
but for the case of n-Si/MoS2 heterostructure, photocurrent
increases rapidly.
Figure 6a shows the typical PLD MoS2 film on kapton

substrate (clearly visible under white light), and Figure 6b
shows the typical gold electrode pattern on PLD MoS2/flexible
kapton substrate. The Au electrodes were deposited on MoS2
film with the help of a shadow mask on flexible plastic kapton
substrates. Gold was chosen as electrode material on the basis
of lower contact resistance. The typical I−V curve of Au/MoS2
shows linear (ohmic) characteristics. Figure 6c shows the I−V
curves of MoS2 upon light illumination wavelength of 365 nm
and +1 V bias. Figure 6d shows the typical photoresponse of
PLD MoS2 film on kapton substrate without any bias voltage.
The device shows a fast response and recovery of a few
seconds.

3. CONCLUSIONS

Dense nanostructures of nearly stoichiometric MoS2 were
grown on Si and W-tip substrates under an optimized PLD
process, and their field emission characteristics were inves-
tigated. In the case of planar MoS2/Si emitter the value of turn-
on field, required to draw current density of 10 μA/cm2, was
found to be 2.8 V/μm, which is considerably lower than the
previously reported values. Interestingly, the MoS2/W-tip
emitter, due to the presence of nanometric protrusions on
the surface, exhibits the capability to deliver large emission
current density of ∼30 mA/cm2 at an applied voltage of 3.8 kV.
The overall FE results obtained herein are very promising and
suggest that the PLD-grown MoS2 on Si and W offers many
opportunities for both fundamental research and practical
applications such as field emission display and an intense
“point” electron source, respectively. We also demonstrated
photodiode-like behavior of (n- or p-type) Si/MoS2 hetero-
structures fabricated using PLD, which is attributed to the
separation of photogenerated excitons induced by the electric
field at the MoS2−Si interface. PLD MoS2 films on flexible
kapton substrate show a good UV photoresponse, which
suggests that layered transition metal dichalcogenides have
great potential to be used in future flexible device technology
and applications.

4. EXPERIMENTAL METHODS
PLD of MoS2 Thin Film. The MoS2 pellet was prepared from

commercial MoS2 powder (purity of 99.95%, Aldrich Sigma
Chemicals) with poly(vinyl alcohol) as a binder, applying a pressure
of 75 kN/cm2 followed by sintering under argon (Ar) atmosphere at
800 °C for 12 h. The MoS2 pellet was then mounted on a rotating
target holder at a distance of ∼5 cm from the substrates. The W-tip
was prepared by using standard electrochemical polishing of a piece of
W(110)-oriented wire in 1 N potassium hydroxide solution. The W-tip
was mounted on a substrate holder in such a way that its apex was
normal to the substrate holder base, facing toward the target. The Si
and W-tip substrates were cleaned using a standard set of wafer-
cleaning steps. MoS2 thin films were deposited on the Si (n- and p-)
planar, W-tip, and flexible plastic kapton substrates in a metal chamber
evacuated to a base pressure of ∼5 × 10−5 mbar. For PLD, a pulsed
krypton fluoride (KrF) excimer laser (λ = 248 nm, repetition rate 5
Hz/s, pulse width 20 ns, laser fluence ∼2 J/cm2) was used. The
deposition was carried out in Ar atmosphere at ∼1 × 10−2 mbar
pressure. During the PLD of MoS2 films, Si and W-tip substrates were
held at a high temperature of ∼700 °C. The plastic flexible kapton
substrates were kept at ∼450 °C.

Scanning Electron Microscopy (SEM). FESEM images were
taken using a Nova Nano field emission (FE) SEM 450.

Raman Spectroscopy. Raman spectra on PLD MoS2 films were
recorded in backscattering geometry using a HRLabRam system with
532.5 nm as an excitation radiation, derived from an Ar ion laser of 1
mW power.

Field Emission. The field emission studies of a pulsed laser-
deposited MoS2 thin film on Si and W-tip substrates were carried out
in separate experimental batches in a UHV chamber evacuated to a
base pressure of ∼1 × 10−8 mbar. The UHV system comprises a
turbomolecular pump backed by a rotary pump, a sputter ion pump,
and a titanium sublimation pump. To achieve a base pressure of ∼1 ×
10−8 mbar, the chamber was heated at 200 °C for 12 h. The field
emission studies of MoS2/Si emitter were carried out in close
proximity geometry. The close proximity setup consists of a specimen
(MoS2 thin film deposited on Si substrate size ∼5 mm × 5 mm) as a
cathode and a copper rod as an anode. The interelectrode separation
was maintained at 500 μm using an electrically insulating alumina
spacer. The field emission current (I) versus applied voltage (V)
characteristic was measured using a high voltage DC power supply
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(Spellman) and an electrometer (Keithley 6514). For field emission
current stability studies, the emission current was fed to a
computerized data acquisition system with a sampling interval of 10
s. To test reproducibility of the field emission behavior, another
sample (prepared under identical experimental conditions) was
mounted in the chamber. The field emission images were recorded
using a digital camera (Canon SX150IS). For this, a semitransparent
phosphor screen was used as an anode, which facilitated observation of
the field emission image.
Conductive STM/STS Measurements. The conductive STM/

STS I−V measurements and imaging were carried out using an RHK
Technology-100 (United States of America) STM system in ultrahigh
vacuum with platinum conductive probes. For the I−V measurement,
the voltage sweep ranged from +10 V to −10 V by probing a single
particle of MoS2.
UV Photoresponse. UV photoresponse of MoS2 film deposited

on p-type Si and n-type Si was measured using a UV lamp with
illumination wavelength of 365 nm.
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