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Andreas Bablich3, Ravinder Pawar4, Giuseppe Iannaccone4, Clive Downing2, Gianluca Fiori4,
Max C. Lemme3 & Georg S. Duesberg1,2

1School of Chemistry, Trinity College Dublin, Dublin 2, Ireland, 2Centre for Research on Adaptive Nanostructures andNanodevices
(CRANN) and Advanced Materials and BioEngineering Research (AMBER) Centre, Trinity College Dublin, Dublin 2, Ireland,
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We investigate a vertically-stacked hybrid photodiode consisting of a thin n-type molybdenum disulfide
(MoS2) layer transferred onto p-type silicon. The fabrication is scalable as theMoS2 is grown by a controlled
and tunable vapor phase sulfurization process. The obtained large-scale p-n heterojunction diodes exhibit
notable photoconductivity which can be tuned by modifying the thickness of the MoS2 layer. The diodes
have a broad spectral response due to direct and indirect band transitions of the nanoscaleMoS2. Further, we
observe a blue-shift of the spectral response into the visible range. The results are a significant step towards
scalable fabrication of vertical devices from two-dimensional materials and constitute a new paradigm for
materials engineering.

M
olybdenum disulfide (MoS2), a semiconducting transitionmetal dichalcogenide (TMD), has drawn a lot
of attention owing to its fascinating electronic and optical/optoelectronic properties1–4. Layered TMDs
have a stacked two-dimensional (2D) lattice structure composed of an atomic plane of metal atoms

sandwiched between two planes of chalcogen atoms. Recent studies onMoS2 thin film field effect transistors have
shown that the MoS2 channel has very clear n-type characteristics with high mobility and good current on/off
ratios5–7, which indicate that this layered material could be utilized in integrated circuits and logic circuit
applications8,9. Further, it has been shown that monolayer MoS2 has a direct band gap of,1.8 eV, whereas bulk
MoS2 has an indirect band gap of ,1.3 eV2,10–12. The ability to tune the optical band gap of MoS2 by thickness
modulation suggests a wide range of applications in optoelectronic devices including phototransistors and
photodetectors10,13–15.

Even though the optoelectronic properties of MoS2 were the subject of intense research in the late 1960s16,
scalable and reliable device production remains challenging, with most recent (opto-)electronic devices having
been based on mechanically exfoliated MoS2 with e-beam defined contacts in a 3-terminal field effect transistor
(FET) configuration. These investigations focused on field-induced charge carrier movements, however, pho-
toconductivity measurements at the junction between layeredMoS2 and conventional semiconducting substrates
have rarely been conducted, which may be due to the lateral size limit of mechanically exfoliated flakes17.
Additionally, exfoliation techniques have limited reproducibility and scalability1,2,18–20. Recently, large-area
growth techniques based on vapor phase sulfurization of thin Mo films have been adopted for the synthesis of
MoS2 thin films21,22. We have previously shown that vapor phase grownMoS2 thin films are electrically viable and
can be employed to make sensors showing ultra-high sensitivity to ammonia23.

In this work, we introduce p-n heterojunction diodes fabricated by transferring vapor phase grown n-type
MoS2 thin films onto p-type silicon (p-Si) substrates. Previously, we created high quality diodes by transferring
monolayer graphene onto pre-patterned silicon substrates24,25. In a similar fashion, MoS2 layers of varying
thicknesses are transferred forming a vertical hybrid device. This design allows the MoS2 film to be directly
exposed to light. The effect of varying the incident light intensity, wavelength and MoS2 film thickness was
investigated. The devices reported here display extraordinary sensitivity to changes in illumination. The spectral
response showed a very broad spectrum with contributions from indirect and direct band gap transitions.
Further, we report an extension of the spectrum into the visible range.

MoS2 thin films were synthesized by vapor phase sulfurization of Mo films of varying thickness. The thick-
nesses of the MoS2 films were found to be 4.17 6 0.18, 8.26 6 0.29, 12.52 6 0.26 and 15.96 6 0.16 nm,
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respectively, by spectroscopic ellipsometry (SE)26 (See the
Supplementary Information for more details on the SE measure-
ments). Raman spectra were used to assess the quality of the MoS2
films, as shown in Figure 1(a). The spectra all show the characteristic
signal of 2H-MoS2 with no obvious contributions from carbon con-

tamination, polymer residue or oxides. The positions of the E1
2g

(,383 cm21) and A1g (,408 cm21) peaks of the MoS2 films, which
are related to in plane and out of plane vibrational modes, respect-
ively, are labelled for clarity. Previous reports on mechanically exfo-
liated flakes have noted a divergence in these peaks for films
progressing from few-layer (, 5) to bulk MoS2

12 In our case, all of
the films resemble bulk MoS2 except for the 4.17 nm film, which

displays a blue-shifted E1
2g peak. The average thickness of 4.17 nm, as

measured by spectroscopic ellipsometry, suggests an average number
of layers of,6. However, given that the films are polycrystalline, it is
probable that the observed peak shift can be explained by the pres-
ence of some few-layer (, 5) crystals. For thicker films, the spectra
are consistent over the entire film, indicating the homogeneity of the
film synthesis (see Figure S1(a)–(d) of the Supplementary Informa-
tion). High-resolution transmission electron microscopy (HRTEM)
analysis of the 8.26 nm film transferred to a TEM grid is depicted in
Figure 1(b), which indicates a polycrystalline structure in plane.
Analysis of the selected area electron diffraction (SAED) pattern in
various regions gave a Mo-Mo lattice spacing of,0.32 nm which is
in agreement with the literature value27–30. However,,20% of SAED
results showed lattice spacing values between 0.306–0.308 nm,
which is 4% less than the reported literature value of 0.32 nm (See

Figure S2(a)–(b) of the Supplementary Information for more details
on the SAED pattern analysis). We note that such an assignment is
preliminary, even though the greatest care was taken in ensuring the
accuracy of these measurements.
Large-scale MoS2 films were transferred using a polymer support

technique leaving the films mechanically and electrically intact. In
order to fabricate photodiodes, MoS2 films of ,1 cm2 area were
transferred onto the pre-patterned p-Si substrates, as described in
the methods section. The native oxide layer on the exposed silicon
surface was removed with HF prior to deposition, ensuring good
electrical contact between the MoS2 and the Si. As shown in
Figure 2(a), one end of the transferred MoS2 film was placed on
the p-Si surface without touching the metal electrode on the p-Si
substrate, while the other end was connected to the Au pad on the
SiO2 layer, forming an ohmic contact between them5,10,31. More
details on the transfer process are presented in Figure S3(b) of the
Supplementary Information.
A plot of current-voltage (J-V) measurements of the diode device

with 12.52 nm thickMoS2 is depicted in Figure 2(b). TheMoS2 layers
were fully electrically intact and well contacted by the gold pad as
detailed above and therefore current transport was dominated by the
MoS2/Si interface region. Clear rectifying behavior was observed in
the dark. The forward J-V characteristics of a diode in dark condi-
tions can be expressed using the diode equation32, the ideality factor
(n $ 1) of a diode, which represents how closely the diode follows
ideal diode behavior and has a value of unity in the ideal case, can be
extracted from it. Considering the effect of the series resistance of the
device, which is an additional secondary resistance component
observed in the high forward bias region of practical diode devices,
it gives an ideality factor value of 1.68 with a series resistance value
of 7.3 kV, indicating good rectifying performance. Details of the
diode parameter extraction are presented in the Supplementary
Information.
The diodes exhibit obvious photoconductivity under illumination

with a white light source as presented in Figure 2(b). While little
variation in the current density is seen between dark and illuminated
conditions under forward bias, there is an obvious distinction in the
reverse bias region. In the dark the device is in the off state under
reverse bias and there is low reverse leakage current, but while illu-
minated, an evident current increase is observed in the reverse bias
region. A cross sectional view of the n-type MoS2/p-Si diode struc-
ture and its energy band diagram in reverse bias under illumination
are shown in Figure 3(a). The n-type MoS2 and the p-Si substrate
form a p-n heterojunction and the topside of the MoS2 film is
exposed to the light source. Upon the incidence of photons, the
valence band electrons are excited to the conduction band, generat-
ing electron-hole pairs in the n-typeMoS2, depletion layer and p-type
Si. In the depletion layer, the excited electrons and holes are accel-
erated to the n-type MoS2 and to the p-Si, respectively, and they are
then collected in the n-type MoS2 and p-Si region. When the electro-
des of the p-Si substrate and n-type MoS2 thin film are connected to
an external circuit, electrons will flow away from the n-type MoS2
film to the p-Si side and holes will flow away from the p-Si substrates
to the n-type MoS2 side, generating a current.
Figure 3(b) and 3(c) show a J-V plot of the diodewith the 12.52 nm

thick MoS2 film under various light intensities and a photocurrent
density (Jph) plot extracted from the J-Vmeasurements in the reverse
bias region. The incident light intensity was controlled by a solid state
dimmer and expressed using a relative value for the full intensity of
the white light source. When the light intensity increased from 0 to
100%, the measured current density also showed an increasing trend
in the reverse bias region proportional to the incident light intensity.
From the photo response of the diode, which measures the output
photocurrent for varying input light intensity, the relative responsiv-
ity of the diodes for the light can be compared. At reverse dc biases of
V521 V and22 V, the generated Jph shows a nearly linear incre-

Figure 1 | (a) Raman spectra of the MoS2 thin films with various

thicknesses grown by vapor phase sulfurization of Mo thin films. A slight

shift of the E1
2g band is evident. (b) HRTEM image of a MoS2 thin film

transferred to a TEM grid (Inset: a corresponding image at high

magnification).
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ment giving a photocurrent value of 0.49 mA and 0.83 mA at the full
intensity of the light source, respectively (Figure 3(d)). The larger
responsivity at higher reverse dc biases can be attributed to the fact
that the energy barrier height at the junction between n-type MoS2
and p-Si increases due to the increasing external electric field when a
higher reverse bias is applied to the junction. This means the elec-
trical potential difference across the depletion layer at the junction
becomes much larger, which results in a stronger acceleration of
electrons and holes in the depletion region and therefore a higher
current.
In addition, the effect of modifying the MoS2 thickness on the

photocurrent was investigated. The thickness values of MoS2 films,
asmeasured by SE, were found to be 4.17, 8.26 and 15.96 nm. The J-V
plots exhibit clear photoconductivity for all the devices when they are
illuminated by the light source, as shown in Figure S5(a)–(c) of the
Supplementary Information. The Jph values of the diodes with dif-
ferent MoS2 thicknesses under reverse bias are compared in
Figure 3(e). It is clear from these results that when the same incident
light intensity (50% of full intensity) is applied, the diode device with
a thicker MoS2 thin film shows higher photocurrent values. This is
because the volume of photon absorption in the n-type MoS2 thin
film becomes larger with increased MoS2 film thickness. As more

photons are absorbed in the thicker MoS2 layer more electron-hole
pairs are produced, increasing the photocurrent of the device. This
implies that it is possible to define the level of photoconductivity for
MoS2/Si photodiode devices through modulation of the MoS2 film
thickness.
The absolute spectral response was measured using a lock-in tech-

nique with a chopped photon flux over an investigated wavelength
interval of 10 nm. Since the collimated incident light beam is bigger
than the probe active area, a mask was used to define an illumination
spot of 20 mm2 on the device, either on the MoS2 region or on the p-
Si next to theMoS2 (Figure 4 (a)). This allows contributions from the
blank p-Si substrate to the generated photocurrent to be eliminated.
The spectral response of the diode device with an 8.26 nm thick
MoS2 film for a reverse bias voltage between 0–2 V is plotted in
Figure 4 (b). The multilayer MoS2 photodiode exhibits a wide spec-
tral response, which increases with higher reverse bias voltages due to
the increase of the external electrical field. The spectral responsivity
of 1.4–8.6 mA/W at reverse dc biases of V522 V is achieved in the
broad spectral range from visible to near-infrared. While this per-
formance is inferior to that of recently reported monolayer (800 A/
W) and multilayer MoS2 (thickness 30–60 nm, 120–210 mA/W)
photodetectors14,33,34, it is better than previously reported monolayer

Figure 2 | (a) Schematic (left) and photograph (right) of the n-typeMoS2/p-Si heterojunction diode. (b) J-V plot of the diode with 12.52 nm thickMoS2
on a linear scale (left) and semi-logarithmic scale (right) under dark (black) and illuminated (red) conditions. Inset of the left indicates open-circuit

voltage (0.13 V) and short-circuit current (0.01 mA/cm2).
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MoS2 phototransistors (,7.5 mA/W)13 and graphene photodetec-
tors (,0.5 mA/W)35. The underlying p-type silicon absorption peak
is observed at approximately 1.07 eV (1158 nm) confirmed in a
reference measurement where the illumination spot was moved to
the p-Si (See Figure S6 in the Supplementary Information). Three
additional peaks were identified through fitting in the spectrum at
1.43 eV, 2.15 eV and 2.48 eV. The first peak at 1.43 eV (867 nm)
can be explained by the indirect band transition (Sm-Cv) of multi-
layer MoS2 as indicated by the blue arrow in Figure 4(c). Moreover,
there is a strong contribution from the direct band gap transition

observed in nanoscale MoS2 films. This is an interesting observation
considering the thickness of the film is 8.26 nm and therefore
approximately 12 layers thick. The direct band gap contribution is
split into light- (Km-Kv1) and heavy holes (Km-Kv2). Therefore, two
distinct peaks in the spectral response are observed at energies of
2.15 eV (576 nm) and 2.48 eV (500 nm), illustrated by the red and
green arrow in Figure 4(c).
Interestingly, we observe a blue-shift of 0.13 eV for the indirect

transition and of approximately 0.4 eV for both direct transitions
compared to the theoretical values for exfoliatedMoS2 (i.e. 1.3 eV for

Figure 3 | (a) Cross sectional view of the n-type MoS2/p-Si diode structure (left) and its energy band diagram in reverse bias (right) under illumination,

describing themovement of electrons (#e ) and holes (#h ). Ec, EF, Ev, Eg and hn denote the conduction band, Fermi energy level, valence band, band gap and

photon energy of the incident light, respectively. (b) J-V plot of the diode with the 12.52 nm thick MoS2 film on a semi-logarithmic scale under various

incident light intensities (dark, 10, 30, 60 and 100% of full intensity) and (c) an associated photocurrent density (Jph) plot extracted from the J-V

measurements in the reverse bias region. (d) A Jph plot with varying incident light intensity at reverse biases of V521 and22 V. (e) A plot of Jph of the

diode devices with different MoS2 thickness (4.17, 8.26, 12.52 and 15.96 nm) under reverse dc bias.

www.nature.com/scientificreports
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the indirect band transition and 1.8 eV and 2.0 eV for light- and
heavy holes for the direct band transition)2,33 and those observed
experimentally20,26. This blue shift in the spectral response of bulk
MoS2 compared with the absorption spectrum was previously men-
tioned by Wilson and Yoffe16.
Density functional theory (DFT) calculations were employed to

investigate potential causes of the observed blue shift. In particular,
the influence of both inter-layer spacing and lattice spacing on the
band structure of multilayer MoS2 was studied. DFT calculations
were performed to compute the electronic band structure of bulk
MoS2. Computed bands are shown in Figure 4(c), where the maxima
(Km, Sm) and the minima (Kv1, Kv2, Cv) of the conduction and
valence bands, respectively, are highlighted. In Figure 4(d), we show
the variations of the direct (Km-Kv1/Kv2) and indirect band gap (Sm-
Cv) with respect to the equilibrium case, as a function of the inter-
layer distance (expressed in %). As soon as the interlayer distance is
increased, the indirect band gap increases, while the direct band gap
is negligibly affected. This is in agreement with recent simulations
performed on bilayerMoS2

15.Cv are characterized by p-orbital wave-
functions centered in correspondence of S atoms, while K minima
are related to d-orbitals localized around Mo atoms. As a con-
sequence, K points are less affected by increases in the interlayer
distance, while the opposite holds for Cv minimum. In Figure 4(e),
we show the same quantities as above, but as a function of lattice

spacing variation. In this case, we qualitatively reproduce the larger
shift of the direct band gaps with respect to the indirect band gap as
soon as the lattice is compressed. From a quantitative point of view, a
compression of 4% serves to explain the observed blue-shifted peak
positions for both the indirect and direct transitions in the spectral
response analysis of the device. Thus we tentatively assign the
observed blue-shifted absorption peaks to the disordered lattice of
our MoS2 films. This assumption is supported by our HRTEM ana-
lysis which shows slight compression in regions of our polycrystal-
line films. This could stem from the high temperature growth
mechanism or could possibly be caused by the film transfer process.
It must be noted here that a difference in the strain transfer and
relaxationmechanismmay exist when theMoS2 films are transferred
onto different substrates, such as a TEM grid and a silicon substrate.
Further, we cannot completely rule out the presence of dopants and
contamination (e.g. oxygen) in the films, which could lead to lattice
distortions. Nonetheless, the variation of the photo-response of 2D
TMDs is an exciting and unexpected finding and will undoubtedly be
the subject of further investigation, particularly as this variation in
the spectral response of layered TMDs could present a wide range of
opportunities in material design.
In summary, p-n heterojunction diodes were fabricated using n-

type MoS2 films with varying thicknesses and p-Si substrates. MoS2
thin films are laterally in contact with p-Si substrates over the sub-

Figure 4 | (a) Schematic of the heterojunction diode with mask openings for MoS2 and p-Si indicated for spectral response measurements.

(b) Absolute spectral response (Abs. SR) vs. wavelength (lower x-axis) and energy (upper x-axis) related to the diode device with an 8.26 nm thick

MoS2 film at zero bias and reverse bias (VR) of 1 and 2 Vwith themask opening onMoS2. The inset indicates the illumination of the diode. (c) Calculated

energy bands for bulkMoS2. (d) Variation of the direct and indirect band gaps, with respect to the equilibrium case, as a function of the interlayer distance

(expressed in%) and (e) variation of the direct and indirect band gaps, with respect to the equilibrium case, as a function of the lattice spacing (expressed

in %).
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strate area, allowing for direct exposure to incident light of varying
intensity. Electrical measurements revealed that the n-type MoS2/p-
Si diodes have good rectifying behavior as well as clear photocon-
ductive characteristics. The photocurrent of the device has a strong
dependence on the MoS2 film thickness whereby the thicker MoS2
films produce more photocurrent due to their increased volume for
photon absorption. This demonstrates the potential to control the
photocurrent of MoS2/Si diodes by modulating the thickness of the
MoS2 layer. The spectral response of the device showed that there are
contributions from direct and indirect band transitions in the multi-
layer MoS2 film. We further observed a substantially extended spec-
tral range for our device into the visible range.
By employing a polymer support transfer process for the MoS2

thin films the MoS2/Si hybrid structure, which combines a semicon-
ducting nanoscale TMD and a traditional semiconducting material,
was realized. This approach could potentially be extended to various
other semiconducting materials in such hybrid structures. Further
comprehensive studies of such structures are required to improve
device performance and engineer the properties of the interface.
Nevertheless, this type of hybrid device demonstrates the benefits
of using long developed semiconducting technology to take advant-
age of the novel properties of nanomaterials for future nano- and
optoelectronic devices.

Methods
Commercially available lightly doped p-Si wafers with a thermally grown silicon
dioxide (SiO2) layer (292 nm) were used as substrates. The p-Si wafer had a dopant
(boron) concentration of 2.53 1015 cm23 and,100. orientation. A part of the SiO2

layer was completely etched by immersing it in 3% diluted hydrofluoric acid (HF) for
20 minutes, resulting in a sloped sidewall at the Si/SiO2 boundary. Using a shadow
mask, nickel (Ni) and gold (Au)metal electrodes (Ni/Au5 20/50 nm)were deposited
on top of the remaining SiO2 layer and the exposed p-Si area. In order to achieve
ohmic contacts between p-Si and Ni, the substrate was annealed at 400uC under N2

flow for 5 minutes.
MoS2 thin films were synthesized using a vapor phase sulfurization process similar

to the method described previously22,23. Mo films of varying thickness were deposited
on SiO2/Si substrates using a Gatan Precision Etching and Coating System (PECS),
where theMo film deposition rate (,0.1 nm/s) and thickness weremonitored using a
quartz crystal microbalance. Sulfurization of the Mo samples took place in a quartz
tube furnace consisting of two different heating zones. The sputtered films were
placed in a zone which was heated to 750uC and annealed for 30minutes at a pressure
of ,1 Torr under an argon (Ar) flow of 150 sccm (standard cubic centimeters per
minute). Sulfur powder was heated to its melting point (113uC) in the inlet zone of the
furnace, and the generated sulfur vapor was supplied to theMo films, where it reacted
to produce MoS2. This technique yielded a continuous multilayer of MoS2. A
schematic diagram of the process is shown in Figure S3(a) of the Supplementary
Information.

The as-grownMoS2 thin films were transferred onto various substrates. A polymer
support technique was employed for the transfer process, whereby polymethyl
methacrylate (PMMA, MicroChem) was spin-coated onto the MoS2. The films were
then floated on 2 M NaOH at room temperature until the SiO2 layer between the
MoS2 and the Si substrates was completely etched away, leaving MoS2/PMMA films
floating on the surface. After cleaning in deionized water the films were transferred
onto arbitrary substrates. The PMMA support layer was then dissolved in acetone at
room temperature for 20 minutes.

Thickness measurements ofMoS2 thin films were carried out using a spectroscopic
ellipsometry tool (Alpha SE, J. A. Woollam Co., Inc.) operating in the wavelength
range of 380–900 nm at an angle of incidence of 70u. HRTEM analysis was performed
in an FEI Titan transmission electron microscope at an acceleration voltage of
300 kV. Diffraction patterns were acquired at a camera length of 580 mm to expand
the 100 diffraction ring; this increased the pixel count and improved the accuracy of
the lattice measurements. MoS2 films were prepared for TEM characterization by
floating the layers as described previously, then, fromwater dredging them onto a 300
mesh lacey carbon copper TEM grid (Agar Scientific). Raman spectra were obtained
with a Witec Alpha 300 R confocal Raman microscope, using an excitation wave-
length of 532 nmwith a power of,1 mWand a spectral grating with 1800 lines/mm.
Electrical measurements were conducted on a Suss probe station connected to a
Keithley 2612A source meter unit under ambient conditions. The metal electrode on
the p-Si substrate was positively biased and the electrode on the SiO2 layer was
negatively biased. A white light source with a solid state dimmer for variable light
intensity (ACE Light Source, SCHOTT: A20500, 150 watt halogen lamp) was used for
photoconductivity measurements.

The spectral response was measured by a comparative method to a known spectral
response of a reference detector using a Labview controlled setup. The light was
generated by a tungsten-halogen and a deuterium-arc lamp, and covered the wave-
length range of 200–2000 nm. Specific wavelengths were selected by a monochro-

mator (Acton Research Corporation, SP-555) using appropriate grids and filters. The
light power density varied from 1 mW/cm2 at a wavelength of 200 nm up to 55 mW/
cm2 at a wavelength of 1150 nm. A silicon photodiode was used to calibrate the setup.
Due to the spectral limitation of the silicon photodiode, the spectral response mea-
surement was limited to the range of 400 nm–1250 nm. The detector currents were
measured by pre-amplifiers (Femto, DLPCA-200) and lock-in amplifiers (Princeton
Applied Research Corporation, Model 5210) with 300 ms integration time and
0.4 Hz band width at 17 Hz optical chopper frequency for detection of ultra-low
currents down to 10 pA. The measurement principle allows a wavelength dependent
correction factor to be established for the probe spectral response calculation which
takes into account variations of the preamplifiers, the difference between the ref-
erence detector area and the probe area as well as varying photo flux densities caused
by the monochromator grids and filters.

Density functional theory (DFT) calculations were carried out to compute the
electronic band structure of bulk MoS2. A Local density approximation (LDA) was
assumed, adopting the exchange-correlation function by Perdew et al.36,37. An ultra-
soft pseudo-potential description of the electron-electron interaction was used with
valence electrons 4d5, 5s1 and 3s2, 3p4 ofMo and S atoms, respectively. An 80 Ry wave
function and a 500 Ry charge density cut-off were taken into account. A Brillouin
zone sampling was considered on a Gamma centered 11 3 11 3 2 grid. Geometry
optimization was performed, relaxing both ions and lattices until the total energy
variation was less than 1026 eV. Once the optimized geometry was obtained, the band
structure calculations were performed in order to gain insight into the role of inter-
layer distance. All calculations were conducted exploiting the Quantum-ESPRESSO
package38.
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