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Abstract

We report a theoretical and experimental investigation of the hybrid heterostructure interfaces
between atomically thin MoS2 nanocrystals (NCs) on Si platform for their potential applications
towards next-generation electrical and optical devices. Mie theory-based numerical analysis and
COMSOL simulations based on the ﬁnite element method have been utilized to study the optical
absorption characteristics and light–matter interactions in variable-sized MoS2 NCs. The sizedependent absorption characteristics and the enhancement of electric ﬁeld of the heterojunction
in the UV-visible spectral range agree well with the experimental results. A lithography-free,
wafer-scale, 2D material on a 3D substrate hybrid vertical heterostructure has been fabricated
using colloidal n-MoS2 NCs on p-Si. The fabricated p-n heterojunction exhibited excellent
junction characteristics with a high rectiﬁcation ratio suitable for voltage clipper and rectiﬁer
applications. The current–voltage characteristics of the devices under illumination have been
performed in the temperature range of 10–300 K. The device exhibits a high photo-to-dark
current ratio of ∼3×103 and a responsivity comparable to a commercial Si photodetector. The
excellent heterojunction characteristics demonstrate the great potential of MoS2 NC-based
hybrid electronic and optoelectronic devices in the near future.
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Introduction
Transition metal dichalcogenides, an emergent class of 2D
materials, have drawn immense research interest for postCMOS, novel electronic and optoelectronic devices. One
important candidate of this class of materials is MoS2, which
offers a relatively large direct band gap (1.9 eV) in monolayer
form [1]. Several groups have reported mechanically exfoliated 2D mono/multi-layer MoS2 junction with different
materials for devices like ﬁeld-effect transistors [2, 3], photodetectors [2–4], LEDs [5, 6], solar cells [7, 8], etc. In order
to design devices with a wide range of applicability, a good
5
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quality heterojunction interface between the two materials is
essential. MoS2 based devices studied in the literature have
focused mainly on electrical and optical characteristics like
photocurrent, responsivity, detectivity, efﬁciency, bandwidth,
device speed, etc. However, the realization of an ideal junction characteristic with insight into the fundamental transport
mechanism is yet to be achieved. The wafer-scale high-performance device production is still challenging due to either
very small active surface area of the 2D layer obtained by
mechanical exfoliation or inferior properties of CVD-grown
MoS2 over a large area. Therefore, it is essential to demonstrate a process compatible for fabricating low-cost and
highly efﬁcient devices over a large area with improved
performance.

Experimental

Devices developed using low-dimensional semiconductors, such as nanowire [9, 10] or quantum dot [11–
14] structures exhibit remarkably high performance, suggesting that the use of colloidal nanocrystals (NCs) of 2D
materials can be a viable approach for large-area device
fabrication with enhanced output. The solution-processed
colloidal NC holds great promise for next-generation photonics and electronic applications, especially due to their
distinct properties, such as strong light absorption [15],
size-dependent bandgap modulation [16], efﬁcient multiple
carrier generation [17], high surface-to-volume ratio and
higher integration density. The strong size-dependent
quantum conﬁnement behavior enables the selection of the
spectral detection range by controlling the crystal size,
which makes them a potential candidate for tunable devices
[18–21]. Low-cost manufacturing and substrate compatibility of solution-processed MoS2 NCs allow them to be
integrated on ﬂexible and transparent substrates. However,
the performance of electronic and photonic devices using
MoS2 NCs is rather poor due to relatively poor carrier
mobility in solution-processed ﬁlms. The incorporation of
MoS2 NCs on Si templates is believed to be a promising
approach for the near-ﬁeld enhancement of the light–matter
interaction with improved device performance. It should be
noted that the ideality factor and rectiﬁcation ratio are
strongly dependent on the density of interfacial defects and
defect-mediated transport through the interface. The ideality factor for MoS2/Si junction reported to date is far from
the ideal range and the rectiﬁcation ratio is limited due to
high leakage currents. Some recent studies have identiﬁed
the existence of an inhomogeneity at the heterojunction [22]
as one of the reasons for non-ideal behavior, which yields
high leakage current and poor ideality factor.
In this study, we report an extended theoretical and
experimental analysis of p-n heterojunction formed between
atomically thin 2D MoS2 NCs on Si platform for their
potential applications towards next-generation electronic and
optical devices. In the proposed 2D material on 3D substrate
(2D/3D) heterostructure form, MoS2 NCs act as a lightabsorbing material, whereas the 3D Si regime near the
interfaces provides an abrupt junction to enhance the charge
carrier multiplication. Mie theory-based numerical analysis
and COMSOL simulations have been employed to explain the
experimental optical absorption results. The novel vertical
MoS2/Si heterojunction consisting of colloidal n-type MoS2
NCs integrated with p-type Si have exhibited excellent diode
characteristics suitable for applications as a voltage clipper
and rectiﬁer. This heterojunction also shows a strong photoresponsivity in the UV–vis-NIR range, which can operate
even at zero bias at room temperature as well as at low
temperatures. The results reveal the great potential of novel
MoS2 NC-based hybrid devices with existing Si CMOS
technology for future photonic and electronic integrated
circuits.

MoS2 NCs were synthesized by a solvent (dimethylformamide)-assisted sono-chemical exfoliation process, which has
been previously reported elsewhere [16, 23, 24], to obtain
homogeneous size distribution. The NC dispersion was spin
coated over a clean 1×1 cm2 p-Si substrate several times to
ensure the substrate is fully covered with the MoS2 NCs in a
close-packed arrangement and makes a continuous ﬁlm of
∼60 nm thickness without any pin holes. To avoid the variation of nanocrystal density, we have used the solution with
the same MoS2 concentration throughout the study. Au metal
∼70 nm thick was deposited on MoS2 nanocrystal layer for
the top electrode and Al (∼100 nm) on the back side of the Si
for the bottom electrode by thermal evaporation (base pressure of ∼1×10−6 Torr) to complete the device fabrication.
The surface morphology of MoS2 NCs was characterized
using transmission electron microscopy (TEM). The optical
absorption spectra of MoS2 NCs were recorded with an
ultraviolet-visible (UV–vis) spectrophotometer. The current–
voltage (I–V ) characteristics of the fabricated p-n junction
and spectral photocurrent response of the device were measured using a set-up consisting of a calibrated broadband light
source, a monochromator, and a Keithley semiconductor
parameter analyzer (Model 4200-SCS).

Results and discussion
Variable-sized MoS2 NCs have been synthesized by an
effective, efﬁcient and relatively higher surface tension based
organic-solvent assisted sono-chemical exfoliation process
followed by gradient centrifugation. The details of the
synthesis method have been reported elsewhere [16, 23, 24].
Figure 1(a) presents a typical TEM micrograph of MoS2 NCs
collected from a 15 000 rpm centrifugation process, revealing
the well-dispersed and roughly circular NCs uniformly distributed over a large area. The TEM image has been analyzed
using the ImageJ software package to perform a quantitative
particle-size distribution analysis. The size distribution of
NCs estimated from ﬁgure 1(a) is presented as a histogram in
ﬁgure 1(b), reﬂecting the ensemble nature of various sizes of
MoS2 within the range of 1–5 nm. The experimental data can
be best ﬁtted by a well-deﬁned log-normal distribution proﬁle, with a mean diameter of ∼3 nm. Typical Raman spectra
of as-synthesized ∼3 nm diameter MoS2 NCs and their bulk
counterpart are presented in ﬁgure 1(c), for comparison of the
crystalline quality and local structural disorder. Both the
spectra exhibit two characteristic peaks, one due to the inplane vibrational mode (E2g 1) and other corresponding to the
out-of-plane vibrational mode (A1g). The vibrational modes
appear at ∼406.2 (A1g) and ∼379.8 cm−1 (E2g 1) for the
bulk sample, whereas those modes stiffen to ∼410.3 and
∼385.9 cm−1, respectively for NCs. It should be noted that
with the reduction of MoS2 layer numbers, A1g mode softens,
while E2g 1 mode becomes stiffer. However, MoS2 NCs
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Figure 1. (a) Typical TEM micrograph of as-synthesized MoS2 NCs with centrifugation speed of 15 000 rpm and (b) the corresponding
histogram from the micrograph exhibiting the size distribution of NCs. Typical (c) Raman and (d) PL spectra of as-synthesized ∼3 nm
diameter MoS2 NCs with its bulk counterpart exhibited for comparison.

exhibit a different behavior, because the NCs are conﬁned in
all three dimensions. Consequently, both the vibrational
modes are found to stiffen due to the conﬁnement and edge
defects in MoS2 NCs. The observations reveal that the local
symmetry is different in NCs from that of the bulk MoS2
sample, though the crystal structure remains unaltered.
Typical photoluminescence (PL) spectrum of MoS2 NCs of
size ∼3 nm is depicted in ﬁgure 1(d). The spectrum exhibits
an intense peak around ∼515 nm (2.40 eV), which is attributed to the direct bandgap transition in quantum-conﬁned
MoS2 NCs, in good agreement with the literature [16, 23].
However, the PL emission shown in ﬁgure 1(d) is drastically
suppressed for the bulk sample due to the indirect band gap of
MoS2. The existence of pure 2-H MoS2 in the synthesized
sample was established by x-ray diffraction and photoelectron
spectroscopy measurements reported previously [16], in
excellent agreement with the literature [25, 26]. The atomic
percentage ratio of S and Mo in MoS2 was estimated as
∼2.12, indicating the richness of S atoms at the surface/

interface, which may strongly inﬂuence the electrical characteristics of Si/MoS2 heterojunctions.
We have carried out a theoretical investigation of the
extinction coefﬁcient of MoS2 NCs in the visible spectral range,
as a function of their size, using numerical simulation based on
Mie theory. The main objective of this simulation is to understand the nature of the optical absorption peaks and compare the
results with the experimental data. For the analytical solution, we
consider the incident plane wave to have the following form,
E in = Eo e-i (Kr - wt ) .

(1 )

Where, Eo is the amplitude of the incident wave and K=2π/λ
is the wave vector in vacuum. The resultant extinction coefﬁcient has been estimated using the following equation [27],
Ext =

24p 2r 3L13 2Im (L2 )
l . [(Im (L2 ))2 + ( Re (L2) + 2. L1)2 ]

(2 )

where, r is the radius of the NCs, λ the incident wavelength,
Λ1 and Λ2 are the refractive indices of air and MoS2
NCs, respectively, and, Λ=n+ik, represents the complex
3

Figure 2. (a) Calculated extinction coefﬁcient of variable-sized MoS2 NCs using Mie scattering theory. (b) Absorption characteristics of
MoS2 NCs using COMSOL simulation. (c) Experimental absorption spectra of colloidal MoS2 NCs. Inset shows the MoS2 NC dispersion. A
typical blueshift in absorption spectra with reduction of MoS2 NC size is observed in both experimental and simulated results. (d) Electric
ﬁeld distribution at surroundings of MoS2 NCs and its electric ﬁeld distribution proﬁle along the diameter.

refractive index with real (n) and imaginary (k) parts. The
above equation, as derived from Mie theory, is appropriate
with proper boundary conditions for an electromagnetic wave
interacting with small spheres with the assumption that the
dielectric constant is size independent and the size of the NCs
is much smaller than the wavelength of the light, so that only
dipolar oscillations contribute to the extinction efﬁciency.
However, if the size of the NCs is larger or comparable with
the incident wavelength, then the dipolar approximation is no
longer valid and higher order corrections need to be accounted
for. We have computed the extinction coefﬁcient of MoS2 NCs
having diameters 5, 10, 20, 40, 70 and 100 nm using the
simpliﬁed Mie theory, described in equation (2) and the results
are depicted in ﬁgure 2(a). The estimated extinction coefﬁcient
is found to increase with NC size.
To have insight into the origin of absorption spectra, we
have investigated the light–matter interaction in MoS2 NCs
using the ﬁnite element method (FEM)-based simulation with
COMSOL MULTIPHYSICS (4.3b) software. The simulation

provides the distribution of electric ﬁeld in the vicinity of
MoS2 NCs. The optical constants of MoS2 (n MoS2 and k MoS2 )
have been taken from Zhang et al [28]. The analytical solution has been achieved by considering the plane wave propagation (equation (1)) and solving Maxwell’s equations.
Here, we have investigated the light–matter interaction
behavior assuming MoS2 NCs surrounded by air and the
results are depicted in ﬁgure 2(b). The spectra are characterized mainly by three resonance peaks, two sharp peaks at
∼670 and ∼620 nm corresponding to the direct transitions,
and a broad band at a lower wavelength ∼480 nm. The
resonance band at higher wavelength, dominates for smallersized (40 nm) crystals, when extinction of the particle is
dominated by absorption, due to the sharp interband transitions in MoS2. On the other hand, the broad nature introduced
for larger-sized MoS2 NCs is associated with a damped
resonance, which is mostly due to the radiation effects
through scattering. Hence, the peak position can be tuned by
varying the diameter of the NCs as shown in ﬁgure 2(b),
4

which is useful to control the absorption in the visible region.
Experimental optical absorption characteristics of as-prepared
MoS2 NC dispersion have been recorded by UV–vis
spectroscopy. Figure 2(c) exhibits an intensive broad spectrum consisting of a prominent peak centered around
∼400 nm (3.1 eV), with a shoulder near ∼470 nm (2.64 eV)
for MoS2 NCs. Moreover, two small but distinct peaks
observed at ∼620 nm (2 eV) and ∼680 nm (1.82 eV),
respectively, are well in agreement with our theoretical analysis and the absorption results reported in the literature by
other groups [29, 30]. The appearance of higher energy
intense peaks (∼3.1 and 2.64 eV) in the experimental data is
attributed to the quantum conﬁnement effect arising from the
NC geometry, whereas, two small peaks centered at ∼2 and
∼1.82 eV are attributed to the direct, interband excitonic
transition to the conduction band from the splitted valance
band at K=0 point. It is clearly observed that the peak
broadening is more effective for larger-sized NCs, and the
energy gap progressively increases with the reduction in size
as the peak becomes sharper and blueshifted, exhibiting sizedependent tunable optical characteristics. Furthermore, the
small shoulder around ∼2.64 eV diminishes with reduction in
size and it almost disappears for ∼3 nm NCs. The inset of
ﬁgure 2(c) displays a photograph of the colloidal dispersion
of MoS2 NCs, which is nearly transparent and light yellowish
in color. Our experimental data are strongly corroborated by
the simulated results. The simulated electrical ﬁeld distribution indicates the strong conﬁnement of light at the vicinity of
the NCs as a dipolar form with a considerable amount of ﬁeld
enhancement, as depicted in ﬁgure 2(d). These hot-spots for
electric ﬁeld enhancement could be useful in surfaceenhanced Raman spectroscopy (SERS) applications. We have
also studied the dependence of the electric ﬁeld enhancement
on the size of MoS2 NCs in the range of 5–100 nm, as
depicted graphically in ﬁgure 2(b).
Integrating the MoS2 NCs with 3D semiconducting
materials like Si is an interesting pathway for the near-ﬁeld
enhancement of light–matter interaction, which may enhance
the device performance. Therefore, we investigated the light–
matter interaction at the interface between MoS2 NCs and Si
using the FEM simulation technique. The optical constants of
Si (nSi and kSi) have been taken from the literature [31]. The
optical absorption associated with the electric ﬁeld energy of
the hybrid vertical heterostructure system is dramatically
increased around the interface due to the enhanced light–
matter interaction and leads to the Fermi level shift.
Figure 3(a) exhibits the electric ﬁeld distribution in resonant
conditions (∼700 nm) for 20 nm MoS2 NCs embedded on Si
surface. On the other hand, ﬁgure 3(b) depicts the electric
ﬁeld distribution near the MoS2/Si interface at the off-resonance condition. Figure 3(c) shows the intensity ﬁeld proﬁle
of ﬁgure 3(a) along a vertical direction (inset image) through
the MoS2/Si interface, depicting that the electric ﬁeld is very
strongly conﬁned at the interface. The electric ﬁeld rises and
falls very sharply at the interface. The hot-spots of the electric
ﬁeld are pushed towards the MoS2-Si interface sideways and
alter the charge distribution in MoS2, as shown in ﬁgure 3(a)
in comparison to that presented in ﬁgure 2(d) for MoS2 NCs

in air. Simulated results of the hybrid 2D/3D system for
various-sized NCs, ranging from 5–100 nm and the coupling
of the electric ﬁeld to the Si substrate as a function of
wavelength (for 400–1200 nm spectral range) are shown in
ﬁgure 3(d). The intensity of the absorbance peak is found to
be enhanced by ∼15 times and in addition a red-shift occurs
for the MoS2 NCs decorated on top of the Si compared to
those in air shown in ﬁgure 2(b). The intensity enhancement
and shift in absorption energy in the presence of Si could be
due to the charge transfer between MoS2 NCs and Si, leading
to the modiﬁcation in free carrier density, which ﬁnally
modiﬁes the localized surface plasmon resonance (LSPR)
frequency. Therefore, it can be concluded from the results
presented in ﬁgures 2(b), 2(c) and 3(d) that the absorption is
tunable by varying the surrounding medium as well as the
particle size to achieve novel optoelectronic devices in the
visible region.
We have fabricated several identical heterojunction
devices using 3 nm n-MoS2 NCs on p-Si to verify the uniformity and reproducibility of the data and the best results are
presented here. The schematic representation of the fabricated
device is illustrated in the inset of ﬁgure 4(a). The quality of
MoS2/Si heterojunction can be explored by studying the
current–voltage (I–V ) characteristics. Typical I–V characteristics of the fabricated p-Si/n-MoS2 NCs recorded in ambient
conditions are depicted in ﬁgures 4(a) and (b). The asymmetric nature of the I–V curve reveals the formation of an
abrupt p-n junction at the interface between p-Si and n-MoS2
NCs. The injection rate of charge carriers from MoS2 to Si
ultimately determines the transport properties of the fabricated p-n junction. Despite some reports of a MoS2-based
metal-semiconductor-metal(MSM)-type
device
[4, 16, 32, 33], the device characteristics of MoS2-based
vertical p-n junction are still rare and the fundamental transport mechanism at the junction is poorly understood. The I–V
curve of the Si/MoS2 vertical heterojunction could be best
ﬁtted by the allometric equation, I≅Io.Vn, for forward bias
with the exponent n=2.94, which is shown in ﬁgure 4(a).
This clearly indicates that the charge transport across the
heterojunction barrier can be controlled by trapped charges at
the interface. The characteristics of a real diode is best
described using the Richardson–Schottky equation for thermionic emission and diffusion of carriers over barriers, given
as,
⎡
⎤
⎧ q (V - IRs ) ⎫
⎬ - 1⎥ .
I = Is ⎢exp ⎨
⎩ hKb T ⎭
⎣
⎦

(3 )

where I is current across the junction, Is the reverse saturation
current, Rs is series resistance and ‘η’ is the ideality factor of
the diode, q the elementary charge, Kb the Boltzmann constant and T is the temperature. The ideality factor (η) of any
junction measures the degree of defect-mediated transport.
Using equation (3), the diode parameters are determined by
ﬁtting the current in the forward bias region and the value of η
is found to be 2.82. A relatively higher ideality factor probably originates due to the structural disorder in small-sized
NCs. The ﬁtted curves are well represented by equation (3),
5

Figure 3. Electric ﬁeld distribution at the interface of MoS2/Si heterojunction for (a) ON-resonance and (b) OFF-resonance conditions. (c)

The ﬁeld intensity proﬁle along the vertical direction (shown in the inset) of the heterojunction. (d) Simulated electric ﬁeld variation as a
function of wavelength for MoS2/Si heterostructure using COMSOL for different NC size.

The fabricated vertical n-MoS2/p-Si heterojunction
diode behaves as a clipper as well as an efﬁcient rectiﬁer up to
600 kHz. A typical full cycle 100 kHz sinusoidal waveform
with a peak-to-peak magnitude, Vpp=4 V (zero DC offset)
was used as the input signal, as shown in ﬁgure 4(c). Asfabricated heterojunction acts as a clipper diode and cuts off
the positive half cycle of the input waveform by 0.6 V to
produce an output waveform up to 1.4 V, which is depicted in
ﬁgure 4(d). Therefore, the MoS2/Si heterojunction can be
used in practical circuits for voltage-limiting applications,
such as voltage regulation by limiting the output voltage to
protect the electrical circuit from high-voltage ﬂuctuations/
spikes. In addition, the fabricated 2D/3D heterojunction
diode also exhibits an excellent rectiﬁcation behavior with a
low leakage current and could be modulated up to a frequency
of 600 kHz. The typical rectiﬁcation performance of the heterojunction at 100 kHz is presented in ﬁgure 4(e), where the
negative half cycle is completely blocked. For a frequency of
600 kHz, a distorted output is observed, as shown in
ﬁgure 4(f), probably due to the parasitic capacitance. The
result demonstrates that the n-MoS2/p-Si heterojunction is

particularly at a low operating voltage. The rectiﬁcation ratio
is found to be ∼104 at a bias voltage of ±3 V, which is far
better than the reported results to date [34, 35]. The rectiﬁcation ratio is superior, because of a relatively low leakage
current through the interface, indicating high-quality interface
with low density of defect states formed between MoS2 and
Si. This is essential for realizing observed superior rectiﬁcation behavior. However, the ideal diode equation has signiﬁcant deviation from the experimental results at higher
voltages due to the existence of a series resistance across the
junction. We have estimated the series resistance to be
∼6.9 kΩ, which may be attributed to the unoptimized metal
contact. We have also estimated the barrier potential (Φ) of
the heterojunction using the reverse saturation current
given by
⎛ f⎞
Is = AA*T 2 exp ⎜ - ⎟
⎝ kT ⎠

(4 )

where A is the device area, A* is the effective Richardson’s
constant of the heterojunction. The barrier height for the
MoS2/p-Si heterojunction is estimated to be ∼0.32 eV.
6

Figure 4. (a) I–V characteristics of fabricated MoS2/Si vertical p-n junction. Inset shows the device schematic. (b) Fitting of the I–V
characteristics using Richardson’s equation to estimate the diode parameters. The diodes have been tested for real electronic devices like
clippers and rectiﬁers. (c) The input sinusoidal waveform and (d) the forward clipped waveform limiting the output voltage in positive half
cycle. (e) and (f) present the rectiﬁed output wave forms for 100 and 600 kHz, respectively.

device and the results are shown in ﬁgure 5(a). The device
shows a relatively low dark current (∼10−8 A) at −4 V, and
exhibits a high current upon illumination (∼3×10−5 A) with
a high photo-to-dark current ratio of the order of ∼3×103.
The fabricated heterojunction works even at zero bias, which

very attractive for the fabrication of planar Si CMOS technology compatible electronic devices.
Typical I–V characteristics of p-Si/n-MoS2 heterojunction under dark and illumination with 514 nm have been
recorded to explore the photodetection performance of the
7

Figure 5. (a) Typical I–V characteristics of the fabricated device, using ∼3 nm MoS2 NCs, under dark and illumination condition, recorded at
300 K. (b) Photoresponse behavior of the as-fabricated device as a function of operating temperature for 514 nm illumination.

can be very beneﬁcial for a self-driven, unattended photodetector for security applications. An abrupt barrier
(Φ∼0.32 eV) is formed at the Si/NCs interface for the
n-MoS2/p-Si heterojunction, as estimated from ﬁgure 4(b). In
quantum dot-based devices, the photogenerated charge carriers are generally transported by the hopping mechanism via
interparticle barriers. Upon irradiation with energy larger than
the band gap, the electron–hole pairs i.e., excitons are generated at the p-n junction. Owing to edge defects of smallsized NCs and the potential arising at the interface, there is a
large probability that the excitons are dissociated at the
interface and the carriers start to drift towards the opposite
electrodes in the presence of built-in electric ﬁeld, resulting in
the photocurrent.
The performance of MoS2 NC-based p-n junction photodiodes at low temperatures has been studied. Temperaturedependent current measurements on these devices were performed in a low-vacuum cryostat chamber, where devices
were mounted on a temperature-regulated cold-ﬁnger and
characterized with a Keithley 4200-SCS semiconductor
parameter analyzer, in the temperature range from 10–300 K.
The photoresponsivity of the fabricated devices using ∼3 nm
MoS2 NCs has been estimated for the whole temperature
range and depicted in ﬁgure 5(b). The responsivity at 300 K is
found to be ∼470 mA W−1, upon illumination of 514 nm
radiation. The responsivity is comparable with a commercial
Si photodetector (∼400–600 mA W−1) [36, 37] and better
than the reported values of graphene-Si heterojunctions
(∼100–200 mA W−1) [38–40]. The responsivity of the device
is signiﬁcantly higher at lower temperatures and achieves a
peak at ∼55 K. This is mainly because of the increase of
minority carrier mobility and diffusion coefﬁcient at a lower
temperature. On further reduction of temperature below 50 K,
the carriers’ freeze-out effect starts to dominate, resulting in
the decrease of responsivity.
The transient behavior of the heterojunction upon variable pulsed optical excitation recorded with λ=514 nm at
−2 V applied bias is depicted in ﬁgures 6(a) and (b) for 300

and 10 K, respectively. It is evident that the photocurrent of
NC-based devices increases sharply and stabilizes in a high
conductivity state (ON state) upon light illumination and
returns quickly to a lower conductivity state (OFF state) on
turning off the illumination. An important parameter of a
photodetector is its response time (tr), which is deﬁned as the
time interval for the current level to rise from 10% to 90% of
its peak value, whereas the decay time (td) is deﬁned as the
time interval for the current level to fall from 90% to 10% of
its peak value. The estimated rise and decay time is about
∼10 ms for the MoS2/Si photodetector. A longer response
time is observed due to the slow trap-state dynamics at the
heterojunction interface. The photocurrent estimated from
ﬁgures 6(a) and (b), is plotted as a function of the illumination
power in ﬁgure 6(c). The experimental data have been ﬁtted
using the power law, Iphα Pk, where Iph is the photocurrent
and P is the incident power density. At both temperatures, the
generation of photocurrent exhibits a sublinear dependency
on the power density, but the exponent value at 300 K is
higher than that at 10 K. At the low-power region
(P<1 mW cm−2, photocurrent increases linearly with optical power density (Iph≈Pk, k=1), revealing that the efﬁciency of photogenerated charge carriers is proportional to the
absorbed photon ﬂux. However, it saturates (k<1) at a highpower regime (P>1 mW cm−2). At higher illumination
intensities, the increased density of generated charge carriers
leads to higher nonradiative recombination probability at the
heterojunction interface, thereby decreasing the responsivity.
Figure 6(d) depicts that the device also exhibits an excellent
stability and repeatability for a continuous ON/OFF in an
extended time scale with reasonable response speed. This
demonstrates the high chemical and environmental stability of
MoS2 NCs in air, which is required for practical applications.
Both AC modulation and photoresponse of the heterojunction
diode suggest that the solution-processed MoS2 based devices
are intriguing for future transparent and ﬂexible nanoscale
devices. The results demonstrate the potential of MoS2 NC/Si
heterojunction as CMOS-compatible devices on existing Si
8

Figure 6. Optical modulation characteristics of the fabricated device (using ∼3 nm NCs) upon pulsed illumination for variable input
intensities measured at (a) 300 K and (b) 10 K. (c) Power-dependent photocurrent estimations for two different operating temperatures. (d)
Optical modulation upon multiple exposures for an extended time scale exhibiting repeatability.

platform for applications in high-performance electronic/
photonic devices in the near future.

the abrupt heterojunction at the interface. All the devices
displayed excellent reproducibility and stability over a
temperature range of 10–300 K. The results reveal the
potential of MoS2-based hybrid devices for future electronic
and optoelectronic integrated circuits compatible with standard CMOS technology.

Conclusions
In summary, photoactive, variable-sized MoS2 NCs have
been successfully synthesized through an inexpensive chemical route exhibiting size-dependent optical characteristics.
We have investigated Mie theory-based numerical analysis
and COMSOL simulation to explain the electric ﬁeld
enhancement in MoS2 NCs deposited on Si substrates. A
lithography-free 2D/3D hybrid heterojunction has been fabricated using colloidal MoS2 NCs integrated with Si. The
heterojunction has exhibited excellent diode characteristics
for use as a voltage clipper up to 1.4 V and as a rectiﬁer up to
600 kHz. The photodetector devices fabricated using 3 nm
diameter NCs displayed high photo-to-dark current ratio of
∼3×103 with a responsivity of ∼470 mA W−1 at 514 nm.
The photoresponse behavior even at zero bias of fabricated
p-n heterojunction is attributed to the built-in electric ﬁeld at

Acknowledgments
This work was partially supported by the Department of
Science and Technology (DST), Govt of India, under the
‘GPU’ Project at IIT Kharagpur. Prof. Lun Dai, School of
Physics, Peking University, People’s Republic of China, is
gratefully acknowledged for providing the data set of wavelength-dependent refractive index (real and complex part).
Contributions
S M synthesized the NCs and performed the characterizations and worked on the device fabrication and measurements. S M and S B have done the simulations. S M and
S K R analyzed the data and wrote the manuscript. S D
9

[18] Lin H, Wang C, Wu J, Xu Z, Huang Y and Zhang C 2015
Colloidal synthesis of MoS2 quantum dots: size-dependent
tunable photoluminescence and bioimaging New J. Chem.
39 8492–7
[19] Del G E, Idili A, Porchetta A and Ricci F 2016 A modular
clamp-like mechanism to regulate the activity of nucleicacid target-responsive nanoswitches with external activators
Nanoscale 8 1807–61
[20] Li B L, Zou H L, Lu L, Yang Y, Lei J L, Luo H Q and Li N B
2015 Size-dependent optical absorption of layered MoS2 and
DNA oligonucleotides induced dispersion behavior for
label-free detection of single-nucleotide polymorphism Adv.
Funct. Mater. 25 3541–50
[21] Nguyen T P, Sohn W, Oh J H, Jang H W and Kim S Y 2016
Size-dependent properties of two-dimensional MoS2 and
WS2 J. Phys. Chem. C 120 10078–85
[22] Chowdhury R K, Maiti R, Ghorai A, Midya A and Ray S K
2016 Novel silicon compatible p-WS2 2D/3D
heterojunction devices exhibiting broadband photoresponse
and superior detectivity Nanoscale 8 13429–36
[23] Štengl V and Henych J 2013 Strongly luminescent
monolayered MoS2 prepared by effective ultrasound
exfoliation Nanoscale 5 3387–94
[24] Gopalakrishnan D, Damien D and Shaijumon M M 2014
Quantum dot-interspersed exfoliated MoS2 nanosheets ACS
Nano 8 5297–5303
[25] Kibsgaard J, Chen Z, Reinecke B N and Jaramillo T F 2012
Engineering the surface structure of MoS2 to preferentially
expose active edge sites for electrocatalysis Nat. Mater. 11
963–9
[26] Jin Z, Shin S, Kwon D H, Han S-J and Min Y-S 2014 Novel
chemical route for atomic layer deposition of MoS2 thin ﬁlm
on SiO2/Si substrate Nanoscale 6 14453–8
[27] Ghosh S K and Pal T 2007 Interparticle coupling effect on the
surface plasmon resonance of gold nanoparticles: from
theory to applications Chem. Rev. 107 4797–862
[28] Zhang H, Ma Y, Wan Y, Rong X, Xie Z, Wang W and Dai L
2015 Measuring the refractive index of highly crystalline
monolayer MoS2 with high conﬁdence Sci. Rep. 5 8440
[29] Molina-Sánchez A, Sangalli D, Hummer K, Marini A and
Wirtz L 2013 Effect of spin–orbit interaction on the optical
spectra of single-layer, double-layer, and bulk MoS2 Phys.
Rev. B—Condens. Matter Mater. Phys. 88 1–6
[30] Dhakal K P, Duong D L, Lee J, Nam H, Kim M, Kan M,
Lee Y H and Kim J 2014 Confocal absorption spectral
imaging of MoS2: optical transitions depending on the
atomic thickness of intrinsic and chemically doped MoS2
Nanoscale 6 13028–35
[31] Green M A and Keevers M J 1995 Optical properties of
intrinsic silicon at 300 K Prog. Photovoltaics Res. Appl. 3
189–92
[32] Pawbake A S, Waykar R G, Late D J and Jadkar S R 2016
Highly transparent wafer-scale synthesis of crystalline WS2
nanoparticle thin ﬁlm for photodetector and humiditysensing applications ACS Appl. Mater. Interfaces 8 3359–65
[33] Huang Y, Zheng W, Qiu Y and Hu P 2016 Effects of organic
molecules with different structures and absorption
bandwidth on modulating photoresponse of MoS2
photodetector ACS Appl. Mater. Interfaces 8 23362–70
[34] Midya A, Ghorai A, Mukherjee S, Maiti R and Ray S K 2016
Hydrothermal growth of few layer 2H-MoS2 for
heterojunction photodetector and visible light induced
photocatalytic applications J. Mater. Chem. A 4 4534–43
[35] Li Y, Xu C-Y, Wang J-Y and Zhen L 2014 Photodiode-like
behavior and excellent photoresponse of vertical Si/
monolayer MoS2 heterostructures Sci. Rep. 4 7186
[36] Zheng J P, Jiao K L, Shen W P, Anderson W A and Kwok H S
1992 Highly sensitive photodetector using porous silicon
Appl. Phys. Lett. 61 459–61

contributed to the preparation of the manuscript. All authors
have given approval to the ﬁnal version of the manuscript.
Competing interests
The authors declare no competing ﬁnancial interests.

References
[1] Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010
Atomically thin MoS2: a new direct-gap semiconductor
Phys. Rev. Lett. 105 2–5
[2] Liu C-H, Chang Y-C, Norris T B and Zhong Z 2014 Graphene
photodetectors with ultra-broadband and high responsivity at
room temperature Nat. Nanotechnol. 9 273–8
[3] Roy K, Padmanabhan M, Goswami S, Sai T P, Ramalingam G,
Raghavan S and Ghosh A 2013 Graphene-MoS2 hybrid
structures for multifunctional photoresponsive memory
devices Nat. Nanotechnol. 8 826–30
[4] Lopez-Sanchez O, Lembke D, Kayci M, Radenovic A and
Kis A 2013 Ultrasensitive photodetectors based on
monolayer MoS2 Nat. Nanotechnol. 8 497–501
[5] Wang X, Tian H, Mohammad M A, Li C, Wu C, Yang Y and
Ren T-L 2015 A spectrally tunable all-graphene-based
ﬂexible ﬁeld-effect light-emitting device Nat. Commun.
6 7767
[6] Ponomarev E, Gutiérrez-Lezama I, Ubrig N and Morpurgo A F
2015 Ambipolar light-emitting transistors on chemical vapor
deposited monolayer MoS2 Nano Lett. 15 8289–94
[7] Tsai M L, Su S H, Chang J K, Tsai D S, Chen C H, Wu C I,
Li L J, Chen L J and He J H 2014 Monolayer MoS2
heterojunction solar cells ACS Nano 8 8317–22
[8] Pospischil A, Furchi M M and Mueller T 2014 Solar-energy
conversion and light emission in an atomic monolayer p-n
diode Nat. Nanotechnol. 9 257–61
[9] Ul Hasan K, Alvi N H, Lu J, Nur O and Willander M 2011
Single nanowire-based UV photodetectors for fast switching
Nanoscale Res. Lett. 6 348
[10] Das K, Mukherjee S, Manna S, Ray S K and
Raychaudhuri A K 2014 Single Si nanowire (diameter 
100 nm) based polarization sensitive near-infrared
photodetector with ultra-high responsivity Nanoscale 6
11232–9
[11] Kim C O et al 2014 High-performance graphene-quantum-dot
photodetectors Sci. Rep. 4 4–9
[12] Kufer D, Nikitskiy I, Lasanta T, Navickaite G,
Koppens F H L and Konstantatos G 2015 Hybrid 2D-0D
MoS2 -PbS quantum dot photodetectors Adv. Mater. 27
176–80
[13] Lhuillier E, Scarafagio M, Hease P, Nadal B, Aubin H,
Xu X Z, Lequeux N, Patriarche G, Ithurria S and
Dubertret B 2016 Infrared photodetection based on colloidal
quantum-dot ﬁlms with high mobility and optical absorption
up to THz Nano Lett. 16 1282–6
[14] Mukherjee S, Maiti R, Katiyar A K, Das S and Ray S K 2016
Novel colloidal MoS2 quantum dot heterojunctions on
silicon platforms for multifunctional optoelectronic devices
Sci. Rep. 6 29016
[15] Li Y, Dong N, Zhang S, Zhang X, Feng Y, Wang K,
Zhang L and Wang J 2015 Giant two-photon absorption in
monolayer MoS2 Laser Photonics Rev. 9 427–34
[16] Mukherjee S, Maiti R, Midya A, Das S and Ray S K 2015
Tunable direct bandgap optical transitions in MoS2
nanocrystals for photonic devices ACS Photonics 2 760–8
[17] Xia F, Wang H, Xiao D, Dubey M and Ramasubramaniam A
2014 Two-dimensional material nanophotonics Nat.
Photonics 8 899–907
10

[39] Wang X, Cheng Z, Xu K, Tsang H K and Xu J-B
2013 High-responsivity graphene/siliconheterostructure waveguide photodetectors Nat.
Photonics 7 1–4
[40] An X, Liu F, Jung Y J and Kar S 2013 Tunable graphenesilicon heterojunctions for ultrasensitive photodetection
Nano Lett. 13 909–16

[37] Ahmad M, Rasool K, Raﬁq M A and Hasan M M 2012
Enhanced and persistent photoconductivity in vertical
silicon nanowires and ZnS nanoparticles hybrid devices
Appl. Phys. Lett. 101 223103
[38] Maiti R, Manna S, Midya A and Ray S 2013 Broadband
photoresponse and rectiﬁcation of novel graphene oxide/nSi heterojunctions Opt. Express 21 26034–43

11

