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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 size-
dependent 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.

Introduction

Transition metal dichalcogenides, an emergent class of 2D
materials, have drawn immense research interest for post-
CMOS, 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 exfo-
liated 2D mono/multi-layer MoS2 junction with different
materials for devices like field-effect transistors [2, 3], pho-
todetectors [2–4], LEDs [5, 6], solar cells [7, 8], etc. In order
to design devices with a wide range of applicability, a good

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 junc-
tion characteristic with insight into the fundamental transport
mechanism is yet to be achieved. The wafer-scale high-per-
formance 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 demon-
strate a process compatible for fabricating low-cost and
highly efficient devices over a large area with improved
performance.5 Author to whom any correspondence should be addressed.
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Devices developed using low-dimensional semi-
conductors, such as nanowire [9, 10] or quantum dot [11–
14] structures exhibit remarkably high performance, sug-
gesting 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 pho-
tonics 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 compat-
ibility 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 ide-
ality 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 light-
absorbing 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 photo-
responsivity 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.

Experimental

MoS2 NCs were synthesized by a solvent (dimethylforma-
mide)-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 var-
iation 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 pres-
sure 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 mea-
sured 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 dis-
tributed 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 pro-
file, 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 in-
plane vibrational mode E g2

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 E g2

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 E g2

1 mode becomes stiffer. However, MoS2 NCs
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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 attrib-
uted 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 char-
acteristics 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 under-
stand 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 E= K w- -e . 1o
i r t

in ( )( )

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

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.
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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 kandMoS MoS2 2( )
have been taken from Zhang et al [28]. The analytical solu-
tion has been achieved by considering the plane wave pro-
pagation (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 character-
ized 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 smaller-
sized (�40 nm) crystals, when extinction of the particle is
dominated by absorption, due to the sharp interband transi-
tions 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),

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.
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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 spec-
trum 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 ana-
lysis 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 size-
dependent 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 distribu-
tion 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 surface-
enhanced 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-reso-
nance 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 uni-
formity 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 character-
istics of the fabricated p-Si/n-MoS2 NCs recorded in ambient
conditions are depicted in figures 4(a) and (b). The asym-
metric 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 fabri-
cated 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 trans-
port 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.V

n, 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 ther-
mionic emission and diffusion of carriers over barriers, given
as,

⎡
⎣⎢

⎧⎨⎩
⎫⎬⎭

⎤
⎦⎥h

=
-

-I I
q V IR

K T
exp 1 . 3s

s

b

( ) ( )

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 con-
stant 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 prob-
ably originates due to the structural disorder in small-sized
NCs. The fitted curves are well represented by equation (3),
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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 rectifi-
cation 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 rectifica-
tion behavior. However, the ideal diode equation has sig-
nificant 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
= -I AA T

kT
exp 4s

2 ( )

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.

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). As-
fabricated 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 het-
erojunction 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

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.
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very attractive for the fabrication of planar Si CMOS tech-
nology compatible electronic devices.

Typical I–V characteristics of p-Si/n-MoS2 heterojunc-
tion under dark and illumination with 514 nm have been
recorded to explore the photodetection performance of the

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

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.
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can be very beneficial for a self-driven, unattended photo-
detector 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 car-
riers 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 gen-
erated at the p-n junction. Owing to edge defects of small-
sized 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 pho-
todiodes at low temperatures has been studied. Temperature-
dependent current measurements on these devices were per-
formed 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 mAW−1, upon illumination of 514 nm
radiation. The responsivity is comparable with a commercial
Si photodetector (∼400–600 mAW−1) [36, 37] and better
than the reported values of graphene-Si heterojunctions
(∼100–200 mAW−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 vari-
able 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 opti-
cal power density (Iph≈Pk, k=1), revealing that the effi-
ciency of photogenerated charge carriers is proportional to the
absorbed photon flux. However, it saturates (k<1) at a high-
power 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

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

Conclusions

In summary, photoactive, variable-sized MoS2 NCs have
been successfully synthesized through an inexpensive che-
mical 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 fab-
ricated 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 mAW−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

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 stan-
dard CMOS technology.
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