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Abstract: This paper presents a study on the photovoltaic effect of a graphene/MoS,/Si double
heterostructure, grown by rapid chemical vapor deposition. It was found that the double junctions of
the graphene/MoS, Schottky junction and the MoS, /Si heterostructure played important roles in
enhancing the device’s performance. They allowed more electron-hole pairs to be efficiently generated,
separated, and collected in the graphene /MoS, /Si double interface. The device demonstrated an open
circuit voltage of 0.51 V and an energy conversion efficiency of 2.58% under an optical illumination of
500 mW /cm?. The photovoltaic effect of the device was partly attributed to the strong light absorption
and photoresponse of the few-layer MoS, film, and partly ascribed to the high carrier-collection-rate
of the double van der Waals heterostructures (vdWHs) in the device.

Keywords: graphene/MoS;/Si heterostructure; chemical vapor deposition; energy conversion
efficiency; photoresponse

1. Introduction

Recently, van der Waals heterostructures (vdWHs), consisting of various two-dimensional (2D)
materials such as graphene, transition metal sulfide (MoS,, WSe;, etc.) and boron nitride (h-BN),
have given rise to many interesting results and phenomena [1-3]. Not only have horizontal and
vertical vdWHs increased our physical understanding of 2D systems, but can also be used to
fabricate various novel 2D devices, such as vertical transistors, field effect transistors, photodetectors,
and photoresponsive memory devices [4-6]. In particular, the graphene/MoS, heterostructure has
emerged as a potential candidate for various novel optoelectronic devices because of the excellent
optical properties of MoS,, the high transparency of graphene, and the tunability of its Fermi
level [7-9]. Despite the many advantages of the 2D-vdWHs, it was found that the photoelectric
conversion efficiency of such optoelectronic devices is no higher than that of the bulk devices.
For example, Furchi et al. and Gong et al. reported a conversion efficiency of approximately 0.2% [10]
and 0.1% [11] with the MoS,/WSe; and WSe; /MoSe; heterostructures, respectively. 2D devices
also exhibit a pronounced response to optical signals. This is because, although the 2D materials
have good photoresponse characteristics, their weak photoelectron collection ability leads to a high
recombination rate and low conversion efficiency. Therefore, it is necessary to further enhance the
collection rate of the photogenerated carriers, thereby increasing the photoelectric conversion efficiency.
In this work, we designed a graphene/MoS, /Si double heterostructure, that is, the graphene/MoS,
Schottky junction and the MoS, /Si heterostructure. These were used to improve the collection rate of
photogenerated carriers, as well as the photoelectric conversion efficiency. The graphene/MoS; /Si
double vdWHSs were prepared by a rapid chemical vapor deposition, and the photovoltaic effect was
investigated. A small Schottky barrier was formed between the few-layer graphene and MoS; layer
due to the difference in their work function, and a large pn barrier was formed between MoS; and Si
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substrate, which accelerated the separation of the photogenerated electron-hole pairs and enhanced
the carrier collection capability, thus providing a better optical and electrical performance.

2. Materials and Experiment

The structure of the studied graphene/MoS, /p-Si vd WHs was composed of a graphene layer,
a MoS; layers, a p-Si, and Ni, Al electrodes; the schematic and the energy band diagram is shown
in Figure 1a,b. In Figure 1b, E, Eys, Ers, and Xs are the conduction band, valence band, Fermi level,
and electron affinity, respectively, of Si, while Ecm, Eym, EFm, and xm are the conduction band, valance
band, Feimi level and electron affinity, respectively, of MoS,. For Si, xs = 4.0 eV, Egs = 1.12 eV. For MoS,,
Xm = 4.05 eV, Egs = 1.4 eV [12]. By is the vacuum level, and gV is the built-in potential between p-Si
and MoS;. The graphene and MoS; layers were fabricated on a p-Si surface by a rapid chemical vapor
deposition (CVD) process. The growth system was made up of a large horizontal quartz tube furnace,
a vacuum system, a gas meter, and an automatic temperature controller. p-Si (100) substrates with a
size of 12 mm X 12 mm X 500 mm were cleaned ultrasonically with a sequence of acetone, ethanol,
and deionized water, blown with N to dry them, and finally placed at the center of the furnace. Prior
to deposition, the furnace was pumped to 102 Pa, and heated to 300 °C for 10 min to remove any
water moisture. 1 g Analytical grade MoS, micro powder and 1 g silver nitrate (AgNO3) powder were
dissolved in 200 mL of 5% diluted sulfuric acid (HySOj) by stirring for 5 min at 70 °C in a water bath.
Here, H,SOy is a solvent to dissolve MoS; powder to become saturated solution, and AgNO; is a
dopant to dope MoS; film in situ, which can effectively improve the electrical conductivity of MoS;
film [13]. Argon (Ar) gas was passed through the mixed solution at a flow rate of 10 cm3/min to carry
AgNO3 and MoS; into the reaction furnace. Growth was carried out for 5-10 min, followed by in situ
annealing at 800 °C for 30 min. Then, a mixture of pure CHy gas (99.999%) and Ar gas with a volume
ratio of 1:10 was introduced into the reactive chamber, where the temperature was kept at 950 °C.
CH4 was initially decomposed to give a mixture of C and Hj, and the C atoms condensed to form
graphene film [14]. The growth process was carried out for 5 min, and then the samples were annealed
at 1000 °C for 30 min. Finally, the samples were removed out when the system had cooled down
to room temperature, Ni electrodes (2 mm x 2 mm, 300 nm) were formed by a sputtering method
through a shadow mask at the corner of the graphene film, and Al electrode were deposited on the
backside of the Si substrate.
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Figure 1. (a) The schematics of the grapheme/MoS; /Si heterostructure device; (b) the energy band
diagrams of the MoS, /p-Si vdWHs.

The morphology and structure of the samples were characterized by atomic force microscopy
image (AFM, MultiMode 8, Bruker, Billerica, MA, USA) and Raman spectroscopy (Spex-1403,
INC, Metuchen, NJ, USA). The optical transparency profiles of the graphene and MoS; films were
investigated by UV-Vis spectroscopy (UV3600, Shimadzu, Kyoto, Japan). Finally, the photovoltaic
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characteristics of the graphene/MoS, /p-Si structure were evaluated by a Keithley (Cleveland, OH,
USA) 4200 SCS under white light illumination.

3. Result and Discussion

Figure 2a shows an atomic force microscopy (AFM) image of the deposited graphene film. A large
uniform graphene film was formed on the substrate, on which some newly generated slices were
scattered. From the scale picture in Figure 2b, we can estimate that the thickness of the yellow uniform
graphene is approximately 2.5 nm, equaling a few layers of graphene, the highest height of the film is
about 5.66 nm. Figure 1c shows the Raman spectrum of the deposited graphene film. We can see that
two major scattering peaks appear in the spectrum, a 2D-band peak at 2692 cm ! and a G-band peak
at 1580 cm~!. The intensity ratio of Ig:Iop = 2 confirms that this is a few-layer graphene [15].
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Figure 2. (a) Shows an atomic force microscopy (AFM) image of the deposited graphene film;
(b) the scale bar of the graphene; (c) the Raman spectrum of the deposited graphene.

Figure 3a shows the AFM image of MoS; film deposited on the Si substrate. It is seen that
many MoS, rings with thicknesses of approximately 5 nm are uniformly distributed on the surface,
which is equivalent to ten layers of MoS;. The sublayer MoS; is a homogeneous, continuous film
with a thickness of approximately 5 nm. The rings take a circular shape with an inner and outer
diameter of 50 and 100 nm respectively. They are uniformly scattered on the substrate without any
overlap, dislocation or defect, indicating that they are formed by an excellent self-organized growth
process with a layer-by-layer growth mode. Figure 2b shows the Raman spectrum of MoS; with two
typical strong waving peaks at 385 cm ™! and 406 cm ™!, corresponding to the in-plane (E%g) and the
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out-of-plane (A1g) modes respectively [16]. It has been reported that the E%g mode is attenuated and
the Ajg mode is strengthened with increasing layer thickness [16], which is similar to other layered
materials, where the bond distance changes with number of layers [17]. The frequency difference of
the Raman modes of A;¢ and E%g is about 21 cm~!, indicating that the deposited MoS, is few-layered,
based on [18,19].
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Figure 3. (a) The AFM image of MoS; film deposited on Si substrate; (b) the Raman spectrum of MoS;.

The transmittance of the graphene sample in the visible light range of 400-800 nm is shown in
Figure 4a. The optical transparency of the graphene deposited for 5 min was over 80% in the visible
range. Moreover, the transparency increases with wavelength, becoming almost fully transparent for
the range of 600-800 nm. A high transmittance is very useful for making solar cells, because light in
the 400-800 nm range has higher power. Theoretically, the transparency of graphene drops quickly
with thickness [20]. However, the actual measured transparency of graphene does not closely obey this
pattern. Wang et al. reported that the transparency of GO is over 80% in 550 nm light at a thickness of
22 to 78 nm [21]. Figure 3b shows the UV-Vis absorption spectra of the MoS, /Si heterojunction sample
in the wavelength range of 250-900 nm. The absorption peak for the MoS, film, corresponding to the
band gap of MoS, (approximately 1.69 eV), is located at 735 nm, and the absorption peak of Si occurs
at 850 nm. It is clear that the optical absorption of the MoS, /Si heterojunction covered the visible and
near-infrared spectral regions of 350-900 nm, which could help to improve the efficiency of solar cells.
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Figure 4. (a) The transmittance the visible light range of the graphene sample; (b) the UV-Vis absorption
spectra of the MoS, /Si heterojunction sample in the wavelength range 250-900 nm.

Figure 5a,b shows the current-voltage (I-V) characteristic curves of the graphene/MoS,/Si
heterojunction solar cell under different light energy densities without and with illumination,
respectively. Without illumination, the positive current I increases exponentially with the applied
voltage for V > 0, while the reverse current reduces to almost zero when V < 0. The heterojunction
shows very low reverse saturation current and rectification properties. This shows that the
heterojunction has good interface and contact properties, although there is a large lattice mismatch
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between MoS; and graphene. No reconstruction is expected when they contact closely [22], because
there are few dangling bonds and surface states in the two dimensional films, and they are compacted
by van der Waals interaction with minimum strain. The I-V curves measured with optical power
densities from 100 to 500 mW /cm? are presented in Figure 5b. The reverse current is much higher
here than that during darkness, and all the curves in reverse bias show good saturation characteristics.
Clearly, the current increases with increasing light energy. The heterojunction has a large open circuit
voltage (Voc) of 0.51 V, and a short-circuit current of 0.51 pA at an illumination of 500 mW /cm?.
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Figure 5. The current-voltage (I-V) curve of the graphene/MoS, /Si heterojunctions in darkness (a),
and illumination with different light energies (b).

A Schottky barrier forms between the graphene and MoS; film, and a pn heterostructure forms
between the MoS, film and Si substrate. Since the graphene layer has high transmission properties,
only a small part of the light will be absorbed by the few-layer graphene, while a large part will
pass through. The transmitted light is further absorbed by the MoS, film and Si substrate, which
produces intrinsic absorption when the photon energy is larger than the optical band gap, giving
rise to photogenerated electron-hole pairs. The holes, being the minority carrier in the MoS; layer,
have a concentration gradient, which will diffuse to the space-charge region boundary of MoS,/Si
heterojunction. Thereafter, they are accelerated to the Si side under the built-in electric field in the
space-charge region. Thus, the photogenerated electrons and holes are separated by the built-in
electric field in the space, and they accumulate on the MoS, and Si sides, respectively, generating the
photovoltaic effect between the MoS, and Si surface.

The short-circuit current (Isc) and the open-circuit voltage (Voc) of the graphene/MoS,/Si
heterojunction solar cell with different light energies are shown in Figure 6a,b, respectively. V¢
represents the voltage when no current is flowing through the device, while Isc shows the current at
zero voltage between the electrodes. Generally, Isc and Voc linearly increase with light energy
because the photogenerated carriers are in direct proportion to the light energy [23]. We can
see that the conversion of optical energy into electrical energy of the graphene/MoS,/Si device
is approximately 2.5%. It is larger than the previously reported values of 2.15% and 1.47%
for a monolayer graphene film/Si-nanowire-array Schottky junction solar cell [16] and graphene
nanoribbon/multiple-silicon-nanowires junctions [24], respectively. Moreover, it is almost ten times
larger than that of the MoS,/WSe, [10] and the WSe; /MoSe, Heterostructures [11]. The high
conversion efficiency in our work may be attributed to the following reason. Firstly, electrons in
the graphene layer have high mobility, which imparts good conductivity and low contact resistance.
Secondly, the double junctions can accelerate the separation process of the photogenerated electrons
and holes, thereby decreasing their recombination. Finally, the bulk Si substrate has high carrier
collection capability, which can effectively enhance the conversion efficiency.
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Figure 6. The parameter dependence of the graphene/MoS; /Si heterojunctions with optical power
density: (a) The short-circuit current (Isc); (b) the open-circuit voltage (Voc).

From the results, we deposited a large area of uniform graphene and MoS; films by chemical
vapor deposition. The graphene/MoS,/Si heterojunctions have good I-V properties, photovoltaic
effect and high photoelectric conversion efficiency, showing that the heterojunction has good contacting
and interface properties, which could be used to fabricate high-efficiency solar cells, optical detectors,
and other light-response devices.

4. Conclusions

Few-layer graphene and MoS, films were prepared on a Si substrate by rapid chemical vapor
deposition, and the photovoltaic effects of the graphene/MoS,/Si double-junction were investigated.
The graphene and MoS, films have a large-area uniform morphology with a thickness of tens of
monolayers. The graphene/MoS, heterojunction has good interface and photoelectric response
properties. An open-circuit voltage of 0.51 V and an energy conversion efficiency of 2.58% were

achieved under an illumination energy of 500 mW /cm?

. The higher conversion efficiency was
attributed to the double junction and Si substrate, which played important roles in collecting carriers
and enhancing the conversion efficiency. The double-junction device can harvest solar light and

generate more electron-hole pairs efficiently.
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