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Polycrystalline 2D Layered molybdenum disulfide (MoSz)
films were synthesized via a thermal decomposition
method. The MoSz/Si heterostructures were constructed
in situ by synthesis MoS: on plane Si substrates. Such
MoS:/Si heterostructures exhibited high sensitivity to
light illumination with wavelengths ranged from the
deep ultraviolet to the near-infrared. Photoresponse
analysis reveals that a high responsivity of 23.1 A/W, a
specific detectivity of 1.63x10'2 Jones and a fast response
speed of 21.6/65.5 ps were achieved. Notably, the
MoSz/Si heterojunction photodetector could operate
with excellent stability and repeatability over a wide
frequency range up to 150 kHz. The high performance
could be attributed to the high-quality heterojunction
between MoS: and Si obtained by in situ fabrication
process. Such high performances with broadband
response suggest that MoS:/Si heterostructures could
have great potential for optoelectronic applications. ©
2015 Optical Society of America
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In recent years, a great research effort has been devoted to
explore the two-dimensional (2D) layered semiconductors
nanostructures for new electronic and optoelectronic applications
based on their specific geometries and distinct properties [1-4].
Among these 2D nano-materials, molybdenum disulfide (MoSz) is
one of the most studied layered materials due to its inherent and
layer-dependent band-gaps [5-8]. By reducing layer number, the
MoS:’s band-gap will change from 1.2 eV (indirect-gap) to 1.9 eV
(direct-gap). Therefore, MoS: have been used for fabricating the
electronic devices with high On/Off ratio and low power
consumption [9-11]. Moreover, multilayer MoS: can offer a wider

spectral response than single-layer MoS; from ultraviolet (UV) to
near infrared (NIR) wavelengths due to its narrower band-gap,
which is advantageous to various of photodetector (PD)
applications. These unique and favorable features of MoS: have
also made it an excellent candidate for developing high-
performance and multifunctional electronic and optoelectronic
devices, especially for photodetectors [12-14].

Recently, many researches concentrated on studying and
improving device performances of MoSz-based PDs. For example,
Zhang et al. demonstrated the first monolayer MoS:
phototransistor with a responsivity of 7.5 mA/W, which is higher
than that of graphene [15]. Lee et al. investigated the layer-
dependent photoresponse properties [16]. By improved mobility,
contact quality, and positioning technique, a high responsivity of
880 A/W from an exfoliated monolayer MoS: was achieved by
Andras Kis et al [17]. But the response speeds of above reported
MoSz PDs are very slow, usually around few seconds, which
limited the practical applications of MoSz-based PDs. To further
improve the response speed, heterostructures have been
employed to achieve faster response speed via separation of
photo-excited carriers by the built-in electric field at the interface
[18-21].

Herein, the synthesis of large-area multilayer MoS: film via a
thermal decomposition method, and in situ fabrication MoSz/Si
heterojunction devices were demonstrated. The optoelectrical
properties of the fabricated devices were investigated, which
exhibit excellent photoresponse properties with fast response
speed, high responsivity, high specific detectivity and broad
response region from deep ultraviolet (UV) to the near-infrared
(NIR). This research finding confirms that this proposed MoSz/Si
heterojunction structure is very promising for high performance
optoelectronic devices.

The multilayer MoS: thin films were synthesized via a two-step
thermal decomposition process [13, 22]. First, n-Si substrates
(resistivity: 1-10 Q-cm?), which had been precleaned with acetone,
alcohol and deionized water in an ultrasonic bath for 30 min each
in sequence, were treated with Ar-plasma for hydrophilic



enhancement for 10 min. Then, 0.25 g of (NH4)2MoS: (Sigma-
Aldrich, purity of 99.99%) was dissolved in 20 mL of
dimethylformamide (DMF) to form a 1.25 wt% solution, which
was further spin-coated on the substrate at a speed of 500 rpm for
10 s and then 3000 rpm for 30 s. The produced thin films were
baked on a hot plate at 100 °C for 3 min to remove the solvent.
Then the (NH4)2MoSs films were formed. The (NH4)2MoSs films
were further annealed at 500 °C by filling with an Ar/H: (80/20
sccm) gas mixture to a pressure of 1.1 Torr for 60 min and
subsequently annealed at 800 °C in the presence of sulfur under an
80 sccm flow of Ar to a pressure of 525 Torr for 40 min to
synthesize the MoS: layers.

The as-synthesized layered MoS: thin films were characterized
by X-ray diffraction (XRD, X' Pert Pro, Panalytical, Netherlands),
high-resolution transmission electron microscopy (HRTEM, JEM-
2010, JEOL, Japan), X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Thermo Fisher Scientificc USA) and Raman
spectroscopy (LabRAM HR Evolution, Horiba, Japan). The
thickness of the as-synthesized MoS; thin film was determined by
atomic force microscope (AFM, Dimension Icon, Bruker, USA).

After the preparation of MoS; thin films on Si substrates, Au
electrodes (50 nm) on the MoS; thin film were fabricated by
thermal evaporation via a shadow mask. In addition, a Cu foil was
connected to a cross section of the Si by high-purity silver
conducting paint. The schematic illustration of a MoSz/Si
heterojunction device is shown in Fig. 2a.

Electrical and optoelectrical measurements were conducted at
room temperature with a semiconductor characterization system
(Keithley 4200-SCS, Tektronix, USA) with a system combining a
monochromator, light sources, an oscilloscope (DP02012B,
Tektronix, USA), a waveform generator (SDG1032X, Siglent, China),
and a digital SourceMeter (Keithley 2636B, Tektronix, USA). In this
work, a laser diode of 780 nm and a xenon lamp were used as light
sources in the measurements.

Fig. 1a illustrates the XRD patterns of the obtained MoS: films
on Si substrate. A strong peak at 20 = 14.3° was observed,
corresponding to (002) crystal planes of MoSz, which is usually
observed when the periodicity in c-axis (normal to the MoS; film
plane) is present. Fig. 1b shows the HRTEM image and the
corresponding selected area electron diffraction (SAED) pattern
with [001] zone axis (inset) for the MoS; thin film, which reveal the
hexagonal lattice structure with the lattice spacing of 0.27 nm
assigned to the (100) and (010) planes. Raman spectroscopy was
employed to explore the structural properties of the as-
synthesized MoS: film via the energy difference between the Ez
and Aig Raman modes, as shown in Fig. 1c. Two typical Raman
active modes of hexagonal MoS: are observed: Ez; at 382.44 cm
and Aig at 407.92 cm. The frequency difference between the A,
and Ez; Raman modes, reflecting the number of MoS: layers, is
24.98 cm, indicating the synthesis of a multilayer MoS: film. The
thickness of the MoS: film was 9.5 nm according to AFM
measurement, as shown in Fig. 1d. XPS measurements were
recorded to determine the components and binding energies of
the MoS: thin film, as shown in Fig. 1e and f. The peaks at 229.3
and 232.5 eV are related to the Mo 3d5/2 and Mo 3d3/2 orbitals,
respectively, and the S 2p3/2 and S 2p1/2 orbitals are observed at
162.3 and 163.5 eV, respectively. The atomic ratio of Mo/S was
determined to be 1:2.06, which is very close to the stoichiometric
ratio of MoSz. The results are in good agreement with the reported
values for MoSz [23].
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Fig. 1. (a) XRD patterns, (b) HRTEM and corresponding SAED pattern
of MoS: thin film. (c) Raman spectrum, and (d) height profiles of a MoS:
thin film. The XPS spectra show the binding energies of €) Mo and f) S

of the MoS thin film.

Fig. 2a depicts a schematic illustration of a MoSz/Si
heterojunction device. The current-voltage (I-V) curves of MoSz/Si
heterojunction device in the dark and under light illumination
(780 nm, 72 mW/cm?) were shown in Fig. 2b. From the curves, an
obvious rectification characteristic with a rectification ratio of 13.1
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Fig. 2. (a) Schematic illustration of a MoS2/Si heterojunction device. (b)
[-V curves of MoS2/Si heterojunction device in the dark and under light
illumination (780 nm). (c) Photoresponse of the MoSz/Si
heterojunction under different bias voltages. (d) The sensitivities of the
MoSz/Si PD as a function of wavelength.
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Fig. 3. Photoresponse of the MoS:/Si heterojunction under incident
light of (a) 250 nm and (b) 1200 nm at voltage bias of -1 V.

within + 5 V can be obtained in the dark And a remarkable
increase of current of the device under reverse voltages can be
found when the device was exposed to light illumination, leading
to a high current on/off ratio (ignt/Iaarc) over 3.15x102at-5 V.

Hence, such MoS:/Si heterojunction device can function as PDs.

The photoresponse properties of this PD were investigated under
different reverse voltage biases, as shown in Fig. 2c. The current
reversibly switched between high and low conductance with high
stability and repeatability when the light illumination (780 nm, 72
mW cm?) was turned on and off repetitively. The lignt/lark ratios
were obtained to be 7.06, 43.4, and 347.2 under bias voltages of -1
V, -2V, and -5V, respectively. Fig. 2d shows the sensitivity of the
MoS2/Si PD as a function of wavelength. A clear photoresponse can
be observed over a wide wavelength range from the UV to the NIR
(300-1200 nm) with sensitivity peak around 820 nm. In addition,
the photoresponse properties under deep ultraviolet (250 nm)
and near-infrared (1200 nm) light illumination with intensity of
0.48 pW/cm? at voltage bias of -1 V were shown in Fig. 3. The
remarkable response at UV and NIR region suggested that this
MoSz/Si heterojunction device is suitable for applications in
broadband photodetectors from deep UV to NIR.

Furthermore, the light intensity-dependent photoresponse
properties were investigated. The I-V curves of MoSz/Si
heterojunction PD under different light intensities from dark to 72
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Fig. 4. (a) I-V curves of the MoSz/Si heterojunction at varied light
intensities (780 nm). (b) Logarithmic plot of the photocurrent vs light
intensity. The curve is fitted well by the power law. Light intensity-
dependent (c) responsivity and (d) specific detectivity at bias voltages
of-5V.
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Fig. 5. (a) Schematic illustration of the measurement configuration for
photoresponse detection. Photoresponse characteristics of the MoSz/Si
heterojunction to pulsed light irradiation at frequencies of (b) 500 Hz,
(c) 3000 Hz and (d) 10 kHz. (e) The relative balance [(Imax-Imin)/Imax] vs
switching frequency. (f) Rising and falling edges for estimating rise
time (tr) and the fall time ().

mW/cm? (780 nm) were shown in Fig. 4a. The photocurrent is
highly dependent on the light intensity and it increases with
increasing light intensity within reverse bias voltage measurement
range. The dependence of photocurrent on the light intensity is
plotted in Fig. 4b, and can be fitting by the power law (I=AP?),
where A is a constant for a given wavelength, and the exponent
Odetermines the response of the photocurrent to light intensity. 6
=0.72 can be obtained from the fitting curve. In addition, the
responsivity (R) and specific detectivity (D*) are key parameters
for a PD, which reflect the sensitivity of a PD to the incident light
and the ability of a PD to detect a small optical signal, can be
expressed by the following relations:[24]

R = de (1)
Popt
e AR @
(2el,)’?

where I, and P are the photocurrent and the incident light
intensity, respectively. A and I are the area and dark current of the
PD. Based on equations above, R and D* under different light
intensities were plotted in Fig. 4d. Both R and D* decrease with the
increasing light intensity, and a responsivity of 23.1 A/W and
specific detectivity of 1.63x10'2 Jones (1 Jones =1 cm Hz'/2 W) can
be obtained at light intensity of 45 uW/cm? which are much better
than previous reported results [14, 19].

The response speed of a PD is directly related to its frequency
response. It determines the ability of a PD to follow a fast-varying
optical signal. To record an optical signal faithfully, a PD must have



a speed higher than the fastest temporal variations in the signal. In
the time domain, the speed of a PD is characterized by the rise time
(), and the fall time (tr). The risetime is defined as the time
interval for the response to rise from 10 to 90% of its peak value,
whereas the fall time is defined as the time interval for the
response to decay from 90 to 10% of its peak value [25]. In our
work;, an oscilloscope was used to monitor the current variation of
a resistor with time, and a laser diode of 780 nm controlled by a
waveform generator was used as the light source, as shown in Fig.
5a. Fig. 5b-d show the photoresponse of the PD at incident light
frequencies of 500 Hz, 3000 Hz and 10 kHz, respectively. The data
have been normalized according to the highest photocurrent. The
excellent stability and repeatability of MoSz/Si PD were
demonstrated. Furthermore, the relative balance [(Jmax-Imin) /Imax] of
the photocurrent over a wide frequency range up to 150 kHz were
plotted in Fig. 5e. The relative balance can implying remain at 74.8%
and 20.6% under a high frequency of 10 kHz and 100 kHz,
respectively, implying that MoSz/Si heterojunction PD is capable of
monitoring ultrafast optical signals. Further analysis a single
response cycle at 3000 Hz, a small t- of 21.6 ps and tr of 65.5 ps
were obtained, which are superior to or close to previous results.

The high performances could be attributed to the high-quality
heterojunction between MoS; and the Si obtained by in situ
fabrication process. MoS: is more negative than that of Si due to the
conduction band edge of MoS: is 250 meV [19]. The electrons
would diffuse from Si into MoSz while holes should diffuse from
MoS: into Si, thus a built-in electric field could be formed at the
interface between MoS: and Si. Under light illumination with
photon energy larger than the semiconductor bandgaps, the
excitons will generate in both MoS: and Si at the interface, and then
separated by the built-in electric field. When the heterojunction is
applied with reverse bias, the electric field caused by reverse bias
in depletion region is consistent with the build-in electric field, so
the barrier height is enhanced. Meanwhile, the photo-generated
minority carriers can pass through the interface easier owing to
the strong external electric field, compared with that without bias.
Therefore, photocurrent signals will be enhanced in this case,
giving good photoresponse signal and fast transient response.
Table 1 summarized the device performances of the MoSz/Si PD
and some reported MoSz-based PDs.

Table 1. The summary of the device performances of MoS:/Si
PD and some reported MoS:-based PDs.

. R D* T /T
Devices Ton/Ioft AJW Jones s Ref.
. 216/  This
12
MoSz/Si 315 231 1.63x10 65.5 work
MoSz/Si 599 119  21x 10w 3701'56/ [19]
MoS; R 10 70/
Schottky 100 0.57 10 110 [26]
MoSz/Gaph >106/
i <1 0032 / 106 [14]
MoSz/BP / 223 31x10"  15/70  [20]

In summary, MoSz/Si heterojunction devices were in situ
fabricated by synthesis of the large-scale multilayer MoS: thin films
on Si substrates via a thermal decomposition method. The
heterojunction devices exhibited pronounced photoresponse
properties with high responsivity, high specific detectivity, fast

response speeds and broad response region from deep ultraviolet
to the near-infrared. The approach demonstrated here could be
extended to the study of other 2D materials for high-performance
PDs and may offer new possibilities toward practical
optoelectronic applications.
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