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ABSTRACT
Monolayer MoS2 has a promising optoelectronics property, with a bandgap in the visible range; the material is a
potential candidate for solar cell applications. In this work, we grew MoS2 monolayers using a low-pressure chemical vapor deposition approach. To produce uniform wafer-scale MoS2 monolayer ﬁlms, precursors molybdenum dioxide (MoO2) and sulfur (S) are utilized. Atomic force microscopy was used to quantify the thickness of
the monolayers, and the result was validated by Raman spectroscopy. Transmission electron microscopy (TEM)
was used to conﬁrm the crystalline quality of the monolayers, and photoluminescence spectroscopy was used to
evaluate their optical properties. We were able to create a Schottky solar cell with a MoS2 monolayer up to 1 cm2
area by transferring monolayer ﬁlm to n-type silicon. The MoS2/n-Si Schottky solar cell demonstrated photovoltaic characteristics with a short circuit current density of 14.8 mA cm−2 and an open-circuit voltage of 0.32 V
under 100 mW cm −2 illumination. The ﬁll factor and energy conversion efﬁciency were 53% and 2.46%,
respectively, with the highest external quantum efﬁciency at 530 nm being 44%.
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1 Introduction
Two-dimensional materials (2D), which are known as the family of van der Waals solids, have strong inplane bonds that provide stability for atomically thin layers and weak interlayer van der Waals forces offer the
feasibility of exfoliation [1]. Transitional metal dichalcogenides (TMD) is a family of 2D materials that have
very different optoelectronic properties depending on the structure and number of electrons in the d-shell of
the transitional metal atom: some are insulators like HfS2, while others are semiconductors like MoS2, WS2,
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MoSe2, and WSe2, or semimetals like WTe2 and TiSe2, or even true metals like NbS2 and VSe2. Among all
TMDS, MoS2 is the most widely studied in nanoelectronics applications since it is a semiconductor [2–4].
MoS2 has high chemical and thermal stability and a sizable band gap; as the bulk material is thinned, the
band structure changes with the number of layers. One of the most important characteristics that distinguish
MoS2 as a promising candidate for future optoelectronic devices is band gap tuning. The bandgap in MoS2
varies from 1.2 eV in bulk material to 1.9 eV in monolayer [5]. A prototype optoelectronic device based on
MoS2 monolayers has emerged, MoS2 monolayer photodetectors have been reported to have photo
detectivity of 1012 Jones at a wavelength of 2 μm and photo responsivity of (106 A/W) due to enhanced
light absorption when MoS2 is covered with Hg-Te nanoparticles [6]. Field-effect transistors (FETs)
made of MoS2 monolayers demonstrated a room temperature on/off ratio of 108 and mobility of up to
200 cm2 V−1 s−1 with very low standby power dissipation [7].
MoS2 monolayers are ﬂexible, with Young’s modulus in the range of 270 ± 100 GPa, which is
comparable to that of steel. Such exceptional mechanical properties make this material suitable to be
integrated with ﬂexible optoelectronic devices [8].
Recently, heterostructure solar cells have been realized in many TMDS, MoS2/WSe2 van der Waals
heterojunctions have been produced, and the devices showed an obvious photovoltaic effect, however, the
limited light absorption in such thin monolayer solar cells and difﬁculties of lateral arrangement of these
monolayers do not allow for easy scalability [9].
Forming 2D materials/bulk materials van der Waals heterostructure junctions is also an interesting
choice that has been investigated lately, as the bulk semiconductor material almost fully absorbs the
incident light. Graphene was the ﬁrst 2D material that has been discovered and Graphene/Si
heterostructure solar cell conversion efﬁciency has reached 15.6% [10] and graphene/GaAs solar cell with
18.5% [11].
A 1 nm thick MoS2 monolayer, a semiconductor with a bandgap in the visible range (1.9 eV) that can be
deposited on large scales via chemical vapor deposition can absorb about 5–10% of the incident light [12]. As
a result, MoS2/Si heterostructure solar cells provide a new research area that can be investigated. It has been
shown that the MoS2/p-Si heterostructure solar cells can achieve a power conversion efﬁciency of 5.23%
[13]. Moreover, theoretical calculations have shown that the solar cell conversion efﬁciency for MoS2/Si
heterostructures with an appropriate optimum thickness of MoS2 can reach up to 24.76%, therefore, much
more work on MoS2/Si heterostructure solar cells is needed [14].
In recent years, the combination of MoS2 with n-type bulk semiconductors such as Si and GaAs to form
unipolar solar cells has gained signiﬁcant interest. Lin et al. [15] fabricated MoS2/GaAs heterojunction solar
cell, which demonstrated power conversion efﬁciency of 9.03%, by utilizing chemical dopants and electrical
gating to the heterojunction solar cell. Li et al. [16] have demonstrated that the MoS2/n-Si homo-junction
exhibits a photoelectric behavior with a reasonable external quantum efﬁciency of up to 25%. Therefore,
a large-scale MoS2/n-Si unipolar solar cell is encouraging to be investigated.
The silicon p-n junction solar cells still dominate the market due to their high power conversion
efﬁciency that reaches up to 26% but they require high production cost and temperature during the ion
implantation process [17]. To meet the global demand and overcome the barrier of high costs, solar cells
based on new materials are required to be investigated. Compared to their counterpart p-n junction,
Schottky, solar cells have an appealing advantage of low-cost manufacturing [18].
MoS2 monolayer can absorb up to 10% of the incident light [12] compared to the graphene which
absorbs only 2.3% [19], and yet the improved graphene/n-Si Shottky solar cells have shown a conversion
efﬁciency of up to 15.6% [10] therefore the MoS2/n-Si unipolar solar cells worth investigating.
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In agreement with the work done by Li et al. [16], our unipolar solar cells have shown photovoltaic
characteristics and reasonable power conversion efﬁciency of 2.46%. The Work on MoS2/n-Si solar cells
is still at the very begging stages. Yet, the photovoltaic properties of solar cells can be much improved by
enhancing the built-in electric ﬁeld at the MoS2/n-Si interface, which could be done by doping the MoS2
monolayer. For example, Zhang et al. [20] increased the built-in potential of a few layers of MoS2/n-Si
solar from 201.9 to 413.38 by capping the MoS2 layer with a molybdenum oxide thin ﬁlm. In addition,
improving the efﬁciency of the solar cell can be done by enhancing the light-harvesting, as each MoS2
monolayer can absorb up to 10% of the incident light, increasing the layer number of MoS2 will enhance
the light absorption in MoS2/n-Si, therefore obtaining the optimum thickness of MoS2 for MoS2/n-Si
Schottky solar cell worth investigating.
2 Materials and Method
In a typical procedure, 5 mg of high purity MoO2 powder (99% Sigma Aldrich) was placed in a quartz
boat. SiO2/Si (1.5 cm × 1 cm) was cleaned with Acetone and ultra-sonicated for 10 min and then faced down
on a MoO2 container. Then the MoO2 container with the substrates was placed at the center of (70 mm
diameter) tube furnace, and another boat containing 5 mg of sulfur powder (99.98% Sigma Aldrich) was
placed at the inlet of the tube at a place where the temperature reaches (200°C). Before the growth, the
furnace was ﬂushed with Argon gas (800 sccm) for about 30 min. Then the furnace pumped down to
(10 mbars) and the center was heated to 800°C with a heating rate of 15 °C/minute in an Argon follow
(200 sccm). The furnace naturally cooled to room temperature after being kept at 800°C for 10 min.
We used the Poly (methyl methacrylate) (PMMA) method to transfer the MoS2 monolayer ﬁlms. PMMA
(M = 950 K from Allresist Inc) was spin-coated on top of the MoS2 monolayer ﬁlm, and then potassium
hydroxide (KOH) was used to etch the silicon oxide and release the PMMA/MoS2 ﬁlm. The obtained
PMMA ﬁlm with MoS2 was rinsed in de-ionized water before being pressed onto a Si wafer (N-type
<100>, electrical resistivity 1–5 Ohm, thickness 400 μm). The fabricated solar cell was then tested under
Air Mass 1.5 illumination. The light density calibration was done using a standard solar reference cell
(PVM 937). The current-voltage measurements were carried out using a solar cell I-V data acquisition
system from PV Measurements, Inc. (USA). The incident photon to current conversion efﬁciency was
measured using a PVM QEXL solar cell quantum efﬁciency measurement system from PV
Measurements, Inc. (USA) in the (300–1100) nm range.
3 Results and Discussion
Our growth conditions produce a continuous MoS2 thin ﬁlm that covers up to a centimeter scale. Fig. 1a
shows a low-resolution photograph of a centimeter-scale of continuous MoS2 thin ﬁlm on 300 nm SiO2/Si
substrate. There is a clear contrast in the color of the area covered by the monolayer ﬁlm (blue) compared to
the color of the substrate (light pink). The color change is consistent with the expected light interference
between the monolayer ﬁlm and the 300 nm SiO2 covered Si substrate. Fig. 1b shows an optical image of
a scratched MoS2 monolayer on Si covered by 300 nm SiO2.
Following growth, we used a JEOL JSPM-5200 atomic force microscope to take direct thickness
measurements. The ﬁlm was ﬁrst scratched with a sharp tip, and measurements were taken at the edges
(across the red arrow) of the scratch, as shown in Fig. 2, with the corresponding height proﬁle displayed
in the inset. The distance between the substrate and the crystal edge is measured to be 0.8 nm. This value
is consistent with the ﬁndings from mechanically exfoliated MoS2 monolayers reported in the literature [21].
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Figure 1: (a) Optical images of a centimeter scale MoS2 monolayer (right part) and the bare SiO2 covered Si
substrate (the left purple part). (b): An optical image of scratched MoS2 monolayer, the scale bar is 5 μm

Figure 2: AFM image of MoS2 monolayer ﬁlm, the measurements are taken along the red line with the inset
showing thickness proﬁle
Raman spectroscopy is one of the most widely used techniques in the ﬁeld of transitional metal
dichalcogenides TMDs for qualitative thickness measurements. Raman peaks are known as E12 g and A1
g modes, which correspond to the in-plane vibrations of Mo and S atoms and the out-of-plane vibrations
of S atoms. The distance between these two peaks is highly dependent on the thickness of the MoS2 ﬁlm
[22]. As the thin ﬁlm thickness decreases, so do the separation between the peaks, causing the E12 g peak
to red-shift (phonon soften) and the A1 g peak to blue-shift (phonon stiffen), and such shifts in the
Raman peaks can be used to determine the layer number of MoS2 [22]. In our case, Raman
measurements were performed at room temperature under ambient conditions using a JY Horiba
HR800 micro-Raman system. A 532 nm wavelength laser beam with a power of 0.5 mW and a spot
diameter of 1 μm was focused on the sample. A typical Raman spectrum of a continuous ﬁlm grown at
800°C is shown in Fig. 3. The E12 g peak is at 383.64 cm−1 and the A1 g peak is at 404.63 cm−1, with a
separation of about 21 cm−1. These measurements are consistent with those reported for CVD-grown
MoS2 monolayers [23].
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Figure 3: Raman spectrum of a continuous MoS2 monolayer ﬁlm grown at 800°C
The optical properties of monolayer samples were studied using the same Raman system mentioned
above. Fig. 4 shows a typical example of photoluminescence (PL) for the as-grown MoS2 monolayers.
The A and B excitons, with centers at 1.80 and 1.96 eV, are associated with direct transitions from the
lowest conduction band to the spin-orbit split valence bands. This result is consistent with PL
measurements from mechanically exfoliated MoS2 monolayers [21]. A exciton has a full width at half
maximum (FWHM) width of 70 meV. This result is comparable to mechanically exfoliated MoS2
monolayers, conﬁrming our ﬁlms’ high quality [24]. The PL spectra of single-layer MoS2 were ﬁtted with
three Lorentzian functions with the Trion peak centered at 1.8 eV and the neutral exciton peak at 1.82 eV
[25]. The presence of the Trion peak in our ﬁlms conﬁrms the n-type doping of the MoS2 by charge
transfer effects from the SiO2 substrate and this result is in good agreement with previous reports [26,27].

Figure 4: Lorentzian peak ﬁtting of MoS2 monolayer PL spectra showing neutral exciton and trion peaks
Aberration-corrected transmission electron microscopy was used to assess the crystal quality of the
monolayer ﬁlms (TEM). Fig. 5a shows a MoS2 monolayer ﬁlm transferred to a TEM grid using a poly
(methyl methacrylate) (PMMA) assisted method (see materials and method for more details).
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The transferred ﬁlm’s continuity indicated that the grown sample was of high quality; folds and holes
observed on the TEM specimen were caused by the transfer process. An HRTEM image of the same
monolayer region is shown in Fig. 5b. The corresponding selected area diffraction patterns (SAED) with
the [001] zone axis are shown in Fig. 5c. The monolayer can be seen to have a high-quality singlecrystalline nature with hexagonal lattice symmetry. We determined the value of the MoS2 monolayer
lattice constant (a = 3.20) using SAED diffraction spots. This value is consistent with those reported in
the literature [23,28].

Figure 5: (a) Transferred MoS2 monolayer on lacey carbon ﬁlm (b) HRTEM image of monolayer region
(c) SAED from the same region in (b)
By transferring large-scale monolayer MoS2 (as mentioned in materials and method), we could fabricate
MoS2/n-Si Schottky solar cell devices with MoS2 monolayer up to 1 cm2 area on the n-Si substrate. The solar
cell fabrication process is summarized in Fig. 6.

Figure 6: Fabrication procedure of monolayer MoS2/n-Si Schottky solar cell
The photovoltaic characteristics of the MoS2/n-Si Schottky solar can be explained by looking at the
energy-band diagram of the MoS2/n-Si junction, which is shown in Fig. 7. When MoS2 monolayers are
deposited on the surface of n-Si, electrons ﬂow from n-Si into MoS2 at the interface due to the higher
Si’s electron afﬁnity [29]. When the Fermi levels of both materials are equal, the ﬂowing process comes
to an end, and the MoS2/n-Si Schottky solar cell is formed. The resultant band bending caused by
electron ﬂow results in the formation of a barrier for electron transport at the interface. Under
illumination, the incident photons with energy larger than the bandgap of MoS2 monolayers (1.8 eV), the
excitons from monolayer MoS2 and n-Si were generated. The built-in potential of about 201.29 mV at
the interface of MoS2/n-Si is strong enough to separate the photo-generated electrons and holes and drift
the electrons from MoS2 to n-Si and holes from n-Si to MoS2 monolayer [20].
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Figure 7: The band alignment at the interface between MoS2/n-Si at equilibrium (left). Electron-hole ﬂow in
the n-n homo-junction solar cell under illumination (right)
The I-V characteristics of a fabricated Schottky solar cell under dark and light illumination of
100 mW cm−2 are shown in Fig. 8. In the light, the current of the solar cell at a given voltage is greater
than in the dark. This demonstrates that light absorption generates a photocurrent due to excitons
produced in MoS2 and n-Si. According to the measurements, our device has an open circuit voltage of
0.32 V and a short circuit current of 14.8 mA cm−2. The ﬁll factor and power conversion efﬁciency were
calculated to be 53% and 2.46%, respectively.

Figure 8: I-V characteristics of MoS2/n-Si Schottky solar cell under dank and illumination of 100 mW cm−2
The external quantum efﬁciency (EQE) of the monolayer MoS2/n-Si Schottky solar cell in the
wavelength range of 300 nm–1100 nm is shown in Fig. 9. EQE of the constructed solar cell is identical
to the silicon-based solar cells [30] As the Mos2 monolayer is semi-transparent and absorbs only up to
10% of the incident light thus, the generated carriers in the underlying n-Si layer are the main
contributors to the photovoltaic current in the cell. The highest EQE (44%) recorded for our device is
centered at 530 nm (2.34 eV).
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Figure 9: EQE spectra of MoS2/n-Si Schottky solar cell
4 Conclusion
Using a chemical vapor deposition technique, centimeter-scale MoS2 monolayer ﬁlms were grown on a
SiO2/Si substrate. The as-grown monolayer ﬁlms are transferred to an n-Si silicon wafer to form the
MoS2/n-Si Schottky solar cell. Under 100 mW cm−2 illumination, the Schottky solar cell has a large short
circuit current density of 14.8 mA cm−2, an open circuit voltage of 0.32 V, a ﬁll factor of 53%, and an
efﬁciency of 2.46%. Photovoltaic characteristics were explained in terms of energy-band alignment
mechanisms. Our ﬁndings show that MoS2/n-Si Schottky solar cells have a bright future in the ﬁeld of
solar cells.
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