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Abstract: Carbon nanotube/silicon (CNT/Si) heterojunction solar cells represent one new architecture
for photovoltaic devices. The addition of MoS2 to the devices is shown to increase the efficiency of
the devices. Two structures are explored. In one case, the single wall carbon nanotubes (SWCNTs)
and MoS2 flakes are mixed to make a hybrid, which is then used to make a film, while in the other
case, a two layer system is used with the MoS2 deposited first followed by the SWCNTs. In all cases,
the solar cell efficiency is improved largely due to significant increases in the fill factor. The rise
in fill factor is due to the semiconducting nature of the MoS2, which helps with the separation of
charge carriers.

Keywords: molybdenum disulfide (MoS2); single wall carbon nanotubes (SWCNTs); thin film;
solar cells

1. Introduction

It is clear that the sun can provide more energy than the current global daily energy consumption
as well as fulfill future requirements for many years. Solar power is the most sustainable renewable
energy and will help lower greenhouse gas emissions. Additionally, utilising the sun in a distributed
network can eliminate energy lost due to the distribution grid, which accounts for almost 25% of
produced electricity being lost [1].

The search for novel solar cell designs as an alternative to standard silicon solar cells is important for
the future of renewable energy production. One such alternative design is the carbon nanotube/silicon
(CNT/Si) heterojunction solar cell. The first such cells were designed by Wei et al. in 2007 [2,3] using
double wall carbon nanotubes (DWCNTs) deposited via water expansion and aqueous film transfer of
an as-grown chemical vapour deposition (CVD) film. While these cells only had a photoconversion
efficiency of 1.3% (compared to commercial cells at 20%–30%), many improvements have since been
made to the cell design and doping methods, with 15% efficiencies reported in 2012 [4] and 17%
efficiencies reported in 2015 [5].

The typical architecture for these cells is much like that of a single-junction n-type crystalline
silicon solar cell with a front side emitter layer replaced by a film of p-doped CNTs [2]. While the
initial design used DWCNTs, most designs use single wall carbon nanotube (SWCNT) electrodes;
however, multiwall carbon nanotubes (MWCNTs) may also be used [6,7]. Jia et al. [8] performed
the first comparison between SWCNTs, DWCNTs, and MWCNTs for use in CNT/Si cells in terms of
the area density of the films. The majority of research performed on nanotube/silicon cells uses a
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mixture of nanotube types to form the film as nanotubes are grown as a mixture of types. Tune et al.
investigated the effects of fabricating cells with pure metallic or semiconducting nanotubes versus cells
with an as-grown mix of types [9]. Similar experiments have been undertaken by Harris et al. in their
comparison of semiconducting and metallic nanotube films on silicon [10]. Overall, the metallicity
of the nanotube film plays a significant role in the cell operation. In all cases, the CNT film acts as a
component of the heterojunction setting up a built-in potential to enable charge separation, as a highly
conductive network for charge collection and transport, and as a transparent electrode to allow good
light illumination of, and photocurrent generation in, the silicon base [7].

A variety of approaches have been examined to improve device performance. For example,
in 2008, Li et al. [11] found that treatment of the SWCNT layer with the p-dopant thionyl chloride
(SOCl2) increased the power conversion efficiency of the cells by over 45% (relative) by lowering the
sheet resistance and increasing the short-circuit current density and open-circuit voltage. Jia et al.
experimented with doping the nanotube film using nitric acid [12]. Doping using CuCl2/Cu(OH)2

colloidal ethanol solution looks to be a particularly promising approach and demonstrates considerable
stability compared to many of the other approaches [13]. Other p-dopants can be used in the treatment
of SWCNT films in order to increase the efficiency of the CNT/Si heterojunction cell, including gold
chloride (AuCl3) [14].

Research was carried out by Tune et al. [15] in 2013 to find an optimal thickness for a film using
large diameter arc-discharge SWCNTs with high carboxyl functionality. They determined that a
film transmittance of 70% gave an optimal efficiency, although thicker films displayed fairly stable
efficiencies. The device efficiency was found to taper significantly with thinner films. This was due to
a decrease in the amount of SWCNT/Si contacts for charge separation and an exponential increase
in sheet resistance as the film conductivity became dominated by the limited pathways in the very
thin SWCNT films. One limiting factor in the performance of the CNT/Si heterojunctions is the film
morphology. Highly ordered, aligned carbon nanotube films have been produced using various
techniques [16–20]. The ordered alignment of the SWCNTs allows a thin, highly transparent, very
smooth film to be produced, which does not suffer from the drawbacks of thin films produced via
other methods (such as poor contact with the silicon substrate and a poorly formed nanotube network
with many electronic charge traps and physical holes in the film).

Front-side reflectance detracts significantly from the photocurrent production of photovoltaic
devices. Random pyramids in the CNT/Si heterojunction design improve the efficiency [21–23], as
observed in other photovoltaic devices [24], while the use of silicon nanowires has also been investigated
by Petterson et al. The nanowires dramatically lowered the surface reflectance leading to improved
performance [25]. Another approach to reduce the silicon reflectance involved spin coating of a TiO2

colloid giving a nanoparticulate layer of 50–80 nm in thickness on the surface [26]. In the case of
the nanotube/silicon cells, the layer subdued the light reflection significantly to give cell efficiencies
above 15% [4]. Recently, Wang et al. investigated the application of molybdenum oxide (MoOx)
and zinc oxide (ZnO) as cheap, environmentally friendly antireflection layers [5]. Polymers such as
poly(dmiethylsiloxane) (PDMS), [27] polystyrene (PS), [27] poly(methylmethacrylate) (PMMA) [27,28],
or NOA63 [29] have also been examined for their antireflective properties and have the added bonus of
providing protection from the environment for added stability in addition to the improved performance.

Other work to improve the performance of nanotube/silicon cells has involved putting a
layer between the SWCNTs and the silicon. For example, Tune et al. reported a cell design
combining a first layer of polyaniline (PANI) and then a second layer of SWCNTs on an n-silicon
substrate. The SWCNT/PANI/Si junctions showed a maximum efficiency of 9.7% [30]. The use
of other hole transporting materials such as (3,4-ethylene dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), [31] 2,2′,7,7′-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD), [32] 4,4′-(naphthalene-2,6-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (NAP), and
(E)-4′,4′”-(ethene-1,2-diyl)bis(N,N-bis(4-methoxyphenyl)-[1′’,1′”-biphenyl]-4amine) (BPV) [33] have
also been reported.
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There has been huge interest in developing solar cells using 2D materials. For instance,
molybdenum disulfide (MoS2) has distinctive optical, photodetection, and electronic characteristics [34].
In this research project, using molybdenum disulfide films, SWCNT suspensions, and hybridised MoS2

with SWCNTs, the objective was to fabricate solar cells where the n-type semiconductor is the n-type
silicon and the p-type semiconductor is the SWCNTs (Figure 1i). Then the molybdenum disulfide was
added as an n-type semiconductor to the SWCNT/Si based solar cells to improve the devices’ efficiency.
The MoS2 was used to make hybrids of SWCNTs/MoS2 by filtering different volumes of MoS2 and
SWCNTs at the same time and then attaching this mixed film to the n-type Si (Figure 1ii). Alternatively,
a layered SWCNTs/MoS2/n-type Si solar cell was built where first the MoS2 film is attached to the Si
substrate and then a SWCNT film is attached over the MoS2 film (see Figure 1iii). Ultimately this means
three types of devices will be compared where the films placed over the Si substrate are changing:
(1) SWCNT only, (2) hybrid of SWCNT/MoS2, and (3) a layer of MoS2 followed by a layer of SWCNTs.
Previous work has produced the Si/MoS2/SWCNT layered structure (see Figure 1iii) [35]. Other work
using 2D materials has often made hybrids of the 2D materials and the SWCNTs [36,37]. This work
presents the first direct comparison between these two approaches using the same dispersions of
materials to probe if one approach will provide better performance compared to the other.

Figure 1. Structures of devices made in this work. All devices involve putting a thin films of various
materials on the silicon. (i) single wall carbon nanotubes (SWCNTs) only; (ii) SWCNT + MoS2 hybrids;
and (iii) a layer of MoS2 with a SWCNT layer placed on top.

2. Materials and Methods

2.1. Preparation of Stock Dispersions

Few layer molybdenum disulfide colloidal suspensions were obtained from FlexeGRAPH. The
SWCNT suspension was prepared as reported previously [15]. In brief, 0.5 mL of Triton X-100 (SIGMA
ALDRICH, Castle Hill, NSW, Australia) mixed with 49.5 mL Milli-Q water (50 mL, 1% v/v). The
suspension was bath sonicated for 20 min and 0.005 g of large diameter arc-discharged, P3-SWCNTs
(Carbon Solutions, Inc. Columbia, CA, USA) were added and the dispersion bath was sonicated for
1 h. After centrifugation for 1 h, the supernatant was collected, then recentrifuged for an additional
hour and finally collected and used.

SWCNTs/MoS2 hybrid suspensions were prepared by keeping the SWCNTs dispersion at the
same volume (300 µL) and changing the MoS2 dispersion volume (100–1000 µL and 2 mL).

2.2. Preparation of Electrodes

The preparation of the films for both characterisation and solar cell production was done using
vacuum filtration as described previously [15]. Briefly, vacuum filtration was used with two types
of membranes: A mixed cellulose ester membrane (MCE) with small nano-sized pores (TYPE VSWP
0.025 µm, Millipore “stencil”) and over it another filter paper with large nano-sized pores that had
four holes (TYPE HAWP 0.45 µm, Millipore “target”) to give four identical films in one filtration. The
required volume of the suspension was diluted with 250 mL of Milli-Q water, filtered with the two
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membranes, which had differences in the flow rates (between the target and stencil membranes). This
produced precise film thicknesses and optical densities by changing the volume of the suspensions
used as well as well-defined film shapes with identical characteristics on the target membrane. The
filtered film was washed carefully (using three washes of 50 mL deionised water).

2.3. Preparation of Si Substrates

For device preparation, the silicon n-type substrate (CZ, 5–25 Ω.cm, <100> 100 mm diameter
single-SSP, ABC GmbH with thermal oxide with 100 nm side polished, thickness 525 ± 25 µm,
n/phosphorous-doped and SiOx layer, München) was cleaned with piranha for 10 min, rinsed with
Milli-Q water, then bath sonicated in acetone for 10 min and dried with N2.

To make the blank device substrates, a thin layer of the photoresist (AZ 1518) was placed onto
the silicon and spun using the spin coater for 30 s. The photoresist was soft baked using a hot plate
(100 ◦C) for 1 min and cooled down to room temperature. UV light exposure for 30 s printed the mask
pattern over the Si substrate. The substrate was immersed in the developer solution (AZ 326 MIF) for
1 min, rinsed with Milli-Q water and dried with N2. The patterned wafer was then coated with 5 nm of
Cr and then with 145 nm of Au using a Q300T-D Dual Target Sputter Coater to form the top contact for
the substrates. The Si substrate was immersed in acetone for 30 min to remove the photoresist leaving
a circular active area of 0.08 cm2.

Before adding the SWCNT or MoS2 or SWCNT/MoS2 hybrid film, a buffered oxide etch (BOE)
treatment was done by applying one drop of 6:1 ammonium fluoride: hydrofluoric acid over the
circular active area for approximately 2 min. The silicon substrate was then rinsed with deionised
water and ethanol and dried with N2.

2.4. Preparation of Solar Cells

For all prepared films, they were transferred to glass or bare Si for characterisation or to patterned
Si substrates for device preparation. Where Si was used for characterisation, the initial cleaning was
undertaken by bath sonication at the room temperature in acetone for 10 min (rinsed with Milli-Q
water, ethanol and dried with N2). For the transfer, a circular region (0.32 cm2) of the membrane with
the film on it was cut out of the filtered area and wetted with Milli-Q water. A piece of Teflon was
placed over the film, followed by a piece of glass to form a glass/substrate/SWCNT film/Teflon/glass
sandwich. The Teflon was used to avoid the risk of the MCE/nanotube film attaching to the upper
layer of glass rather than the substrate. Subsequently, the sandwich was heated at 80 ◦C for 15 min
and then cooled down at the room temperature for 1 h. The substrate with the film/membrane now
attached was immersed in acetone for 30 min to dissolve the membrane to yield the sample or device.

The back contact of the final device was formed on the reverse side of the substrate by scratching
with a diamond-tipped pen to access the silicon underneath the 100 nm silicon oxide layer. A small
amount of gallium-indium eutectic (eGaIn, SIGMA ALDRICH, Castle Hill, NSW, Australia) was then
applied to the scratched area and a roughly 2 cm by 2 cm square piece of stainless steel was attached to
the silicon. This device was called the “as prepared” solar cell.

2.5. Post Treatments

The solar cells were taken through a series of chemical treatments. The first treatment was with 2%
hydrofluoric acid (HF) by dropping one drop of 2% HF over the active area for 15 s followed by rinsing
with Milli-Q water, ethanol and drying with N2. The second treatment was a thionyl chloride (SOCl2)
treatment completed by applying one drop over the film to make the SWCNTs more conductive. The
sample was left in air to dry, then rinsed with ethanol and N2 to dry. The third treatment was the 2%
HF again by the same manner to remove any oxidisation from the thionyl chloride step. After each
treatment the efficiency was tested and measurement after the final treatment are the final efficiencies
reported. For any SWCNTs on glass, similar treatments were applied but 2% HCl was used instead of
2% HF to avoid etching of the glass substrate.
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2.6. Characterisation

The efficiency of the solar cells examined using an Oreil solar simulator, and the solar device data
was processed using a custom program written in LabView, connected to a Keithley data acquisition
unit (Keithley 2400 source), which calculated the vital parameters from the JV curve, both under
illumination and in the dark.

Atomic Force and Scanning Electron Microscopy (AFM and SEM)

The MoS2, SWCNTs, and hybrid MoS2/SWCNTs films made with different suspension volumes
were mounted on silicon substrates and examined using a Bruker Multimode 8 AFM with Nanoscope
V controller operating in tapping mode. An Inspect FEI F50 SEM was used for the electron microscopy.

3. Results

3.1. Characterisation

AFM scans were used to prove the presence of the chemically exfoliated MoS2 flakes. Figure 2a
shows a high resolution image of a single MoS2 flake while Figure 2b shows a lower resolution SEM
image of an MoS2 sample showing the range of flake sizes in the dispersion (in both lateral size and
thickness). The range of flake sizes may be helpful to create a rougher surface that will reduce the light
reflection thus enhance light absorption and overall cell performance [38]. The thickness of the flake in
Figure 1a was measured to be ~5 nm. Given that monolayers of MoS2 are about 1 nm thick, it is clear
that the flakes in our dispersions are several layers thick [39,40]. There are a broad range of lateral
sizes for the flakes but they are in the range reported by others. The images with the SWCNTs show
the typical morphology of the films with the ridges observed thought to be slight variations in the
flows through different parts of the filtration membranes.

3.2. Properties of the Reference Cell

A standard cell was made with just SWCNTs in the top layer. The detail characteristics of this
cell are provided in the supplemental material. The average efficiency of this cell was 6.83% and
other cells made using MoS2 will be compared to this value. Figure S1 shows the transmittance of
the SWCNT film while Figures S2 and S3 provide the dark and light JV curves respectively and the
effects of the various treatments on the device performance, which are consistent with those reported
previously [15]. Table S1 gives the detailed parameters for the reference cells.

3.3. Optimisation of the Electrode Transparency

Previous work to find an optimal thickness for a SWCNT film determined that a film transmittance
of ~70% gave an optimal efficiency, although thicker films displayed fairly stable efficiencies. The
device efficiency was found to taper significantly with thinner films. This was due to a decrease in the
number of intimate SWCNT/Si contacts for charge separation and an exponential increase in sheet
resistance as the film conductivity became dominated by the limited pathways in very thin films [15].
To determine the best transparency for the systems using MoS2, cells were made maintaining the
volume ratio between the SWCNT and MoS2 dispersions and increasing the total volume used thereby
increasing the film thickness. The summary of the results are shown in Figure 3 while the detailed
parameters are provided in Table S2 from the representative JV curves given in Figure S4.
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Figure 2. (a) AFM image of typical MoS2 flake; image size is 855 nm × 855 nm with a z-range of 24 nm.
(b) Wide view SEM image of MoS2 flakes in the dispersion. (c) AFM of SWCNT/MoS2 hybrid made by
mixing 600 µL of MoS2 dispersion with 300 µL SWCNT dispersion; image size is 2.0 µm × 2.0 µm with a
z-range of 220 nm. (d) SEM image of SWCNT/MoS2 hybrid made by mixing 600 µL of MoS2 dispersion
with 300 µL SWCNT dispersion. (e) AFM of SWCNT/MoS2 layered system made by first depositing a
film made from a 600 µL of MoS2 dispersion followed by a film made using 300 µL SWCNT dispersion;
image size is 6.0 µm × 6.0 µm with a z-range of 800 nm. (f) SEM image of SWCNT/MoS2 layered system
made by first depositing a film made from a 600 µL of MoS2 dispersion followed by a film made using
300 µL SWCNT dispersion.

Figure 3. (a) Electrode properties for films of different thicknesses; (b) Efficiencies of solar cells with
different thickness films.
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As expected, the transmission decreases as the amount of material used to create the film is
increased. The same trends observed for SWCNTs films are found for the SWCNT/MoS2 hybrid films.
For the films with approximately the same transmission (300 µL of SWCNT and 300 µL of SWCNT +

400 µL of MoS2), the addition of the MoS2 does improve the solar cell performance. Determining the
best ratio of the dispersion will improve this performance further. The relatively poor performance of
thinnest films can be traced to the low fill factor. This arises due to the lack of connectedness of the
conducting layer, which will lead to a higher level of recombination. The decrease in performance of
cells with thicker layers is due to lower short circuit currents as a result of the lower transmittance of
the films. The darker layers mean less light makes it through to the silicon substrate and hence fewer
excitons are created.

3.4. Optimisation of the Oxide Layer Thickness

The thickness of the oxide layer on the silicon is also important to achieve the best efficiency. The
exact thickness required is still a matter of some debate [41–43]. The second HF etch in the treatment
series is used to control the oxide thickness in the final cells tested. In the normal procedure, the etch is
carried out for 15 s. Further investigations were undertaken using etching for 30, 45, and 60 s. The
comparison of the performance for these different cells is provided in the supplemental information in
Table S3 and Figure S5. In all cases of extra etching, the overall performance is poorer. This is likely
due to the lack of an oxide layer. A thin oxide layer was found to suppress dark saturation current,
inhibit recombination, and lead to an increase in minority carrier lifetime and open circuit voltage
(Voc) [42]. The passage of majority carriers across the junction is suppressed by the oxide, whereas
the tunnelling-based passage of minority carriers is unaffected. The extra etching time leads to little
change in Voc until 60 s where the Voc drops significant probably due to the complete removal of the
oxide. For all other data presented, a 15 s etch will be used.

3.5. Optimisation of the Component Ratio

A set of devices was made to determine the best ratio SWCNT to MoS2 dispersion. The summary
of the results are shown in Figure 4 while the detailed parameters are provided in Table S4 from the
representative JV curves given in Figure S6.

Figure 4. (a) Electrode properties for films of different ratios of SWCNT and MoS2 dispersions;
(b) Efficiencies of solar cells with films made with different ratios of SWCNT and MoS2 dispersions.

The optical properties of the films (transmittance) did not change greatly up to half mL of MoS2.

This is due to the low concentration of the MoS2 dispersion. At the same time, the sheet resistance of
the films decreased as adding the extra material to the film helps to bridge any gaps in the SWCNT
connections and helps to lower the resistance. Figure 2c,d clearly shows the SWCNTs wrapped around
the MoS2 flakes and this will help improve conductivity.

The overall trend in the solar cell behaviour is provided in Figure 4b. The addition of any amount
of MoS2 improves the performance of the cells with a maximum average efficiency observed of 9.23%
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for the addition of 700 µL of MoS2 dispersion to 300 µL of SWCNT dispersion. Jsc changes very little
over all the cells. Given the small changes in transmittance, this is not unexpected. The largest changes
are in fill factor and Voc. The fill factor increases from 0.53 for the SWCNT only film up to values on
the order of 0.7. Adding the extra semiconducting element in the film will provide a pathway for
one type of charge carrier. SWCNTs are amipolar and hence can carry both types of charge carriers,
which provides opportunities for recombination and hence lower fill factors. The MoS2 flakes provide
a pathway to remove the holes from the nanotubes and hence lower the recombination rate. The
increased lifetime of the holes will lead to improved fill factors as observed.

The increase in Voc observed is slightly more varied but always higher than the SWCNTs only.
This indicates that the two materials interact to shift energy levels involved in the transitions central
to the operation of the devices. The variability will stem from the random dispersion of the flakes
through the SWCNT film. The drop in efficiency for high MoS2 loadings is due to the slight decreases
in transmittance, which lowers the observed Jsc.

3.6. Layered Structure

A final set of cells was made by first putting a MoS2 layer on the Si and then placing a SWCNT
layer over the top of the MoS2 layer. The SWCNT electrode was made using 300 µL of the SWCNT
dispersion for all cells to keep the thickness of the SWCNT layer constant. The summary of the results
are shown in Figure 5 while the detailed parameters are provided in Table S5 from the representative
JV curves given in Figure S7. The cell with only a layer of MoS2 flakes gave no current. This suggests
the MoS2 is n-type, [38] the same as the Si, and hence no heterojunction was created meaning there is
no ability to separate charges.

Figure 5. (a) Electrode properties for films made with a layer of MoS2 covered by a film of SWCNTs;
(b) Efficiencies of solar cells with films made with a layer of MoS2 covered by a film of SWCNTs.

The observations are very similar to the hybrid system where there is little change in Jsc but
fill factor and open circuit voltage are enhanced. Average cell efficiencies of 10.04% are observed
for devices made using 500 µL of MoS2 dispersion to form the first layer. The small changes in
transmittance are consistent with the constant Jsc. In this case, the presence of an n-type layer on the
Si will help the transfer of holes to the SWCNT layer, which will improve the fill factor and hence
efficiency. Similar enhanced hole transport has been reported in a graphene/MoS2/Si system [44] where
the energy levels due to the insertion of the MoS2 also lead to effective electron blocking by the MoS2

layer. For the SWCNT system, the observed Voc does shift from 0.515 V for SWCNTs only to 0.575 V
for the system with the MoS2 layered under the SWCNTs, which is similar to the increases observed
for the graphene system suggesting the MoS2 will also play a role in blocking electrons. The decrease
in efficiency at higher loadings in this case will be due to the fact that thicker coverages of MoS2 will be
pushing the SWCNTs further from the Si and hence the quality of the heterojunction that is established
will be decreasing. It is possible that junctions between the MoS2 and SWCNTs could be established
but these will be much smaller in area than the junction made with the substrate.

The results clearly show that the layered system performs better than the hybrid system. The
efficiencies reported in this work are among the highest reported for systems using 2D materials
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(shown in Table 1). Our previous work using the layered MoS2 system [35] reported slightly higher
efficiencies, which may be due to some degradation of the MoS2 dispersion. The better performance of
the layered system points to the fact that modification at the interface of the heterojunction is more
effective at improving performance than addition of material within the film. Given that photon
absorption occurs in the Si substrate, the importance of transferring the charge carriers across the
heterojunction is paramount to performance. The MoS2 layer assists this transfer across the junction.
The higher performance of the layered system means that the facilitated charge transfer is more effective
at improving efficiencies than the additional material in the SWCNT films (hybrid system) even though
this extra material in the film will help charge carrier lifetime. Additionally, of course, in the hybrid
the distribution of the 2D material is completely random and hence there is no guarantee that all the
material will be used effectively to help performance.

Table 1. Device efficiencies for various carbon nanotube/silicon (CNT/Si) devices produced using
2D materials.

Device 2D Material Layered or Hybrid Average Efficiency (%) Reference

SWCNT/Si MoS2 Both Hybrid 9.23
Layered 10.04 This work

SWCNT/Si Phosphorene Hybrid 9.4 [37]
GrapheneCNT/Si Graphene Hybrid 8.5 [36]

Graphene/Si Graphene Layered 8.0 (14.9 with an
antireflection layer) [45]

GOCNT/Si Graphene Oxide
(GO) Hybrid 6 [46]

SWCNT/MoS2/Si MoS2 Layered 11.2 [35]

The results in this current paper are similar to those reported by Cao’s group using grapheme [45].
In this case, the graphene between the SWCNTs and the Si provided a dramatic increase in efficiency
from 1.4% to 8.00%. With the addition of the antireflection layers and doping of the SWCNTs, impressive
efficiencies of 14.9% are obtained. It would be expected that the higher conductivity of the graphene
might help the charge transfer and, while it is true that a larger improvement is observed in the
graphene, the ultimate performance is less than the MoS2 case. This indicates that the semiconducting
nature of the MoS2 does help reinforce the required charge separation. Cao’s work also put the
graphene on top of the SWCNTs and this system also showed improved performance likely due to
improved conductivity; however, the efficiencies were only half those observed with the graphene
between the SWCNTs and the Si.

Figure S8 and Table S6 provide the parameters for the best performing cells of each type. The
layered structure gave the best results. This is due to the fact that the MoS2 layer is in effect acting
like a hole transport layer helping the transfer of charge carriers created in the Si substrate to the
SWCNT layer where they can be transported to the electrode. This will help to minimise the number
of electrons that enter the SWCNT layer thus minimising the possibility of recombination. Table 1
provides a summary of the work done to include 2D materials in the SWCNT/Si system [47] showing
that the efficiencies reported in this work are among the best reported. All the work together supports
the fact that a layered approach will give the best performance.

4. Conclusions

The addition of MoS2 flakes was shown to improve the performance of SWCNT/Si heterojunction
solar cells. Cells with two different structures were explored; namely cells where the SWCNTs and
MoS2 flakes were mixed together in one layer or cells where the MOS2 layers was deposited first
followed by the SWCNT layer. The cells with a MoS2 layer covered by the SWCNTs gave the best
performance. The improvement is significant with increases in efficiencies from 6.83% to 10.04%
observed. The increase in device efficiency can be largely attributed to significant increases in fill factor,
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which are caused by the hole transport capabilities of the n-type MoS2 flakes. The fact that the layered
systems give the highest performance highlights that tuning of the interface between the materials in
the device is the most effective way to enhance efficiency.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/1/287/s1.
Figure S1: The absorption spectrum for the 300 µL SWCNTs-dispersion. Figure S2: Dark curves for the
SWCNTs-n-Silicon based solar cell at different stages of treatment made using 300 µL of the SWCNT dispersions.
Figure S3: Light curves for the SWCNTs-n-Silicon based solar cell at different stages of treatment made using
300 µL of the SWCNT dispersions. Table S1: The cell parameters for the reference SWCNTs-n-Si solar cell made
with 300 µL of SWCNT dispersion. Figure S4: Light curves for the cells made with MoS2/SWCNT hybrid films
of various thicknesses. Table S2: The cell parameters for devices made with MoS2/SWCNT hybrid films of
various thicknesses. Figure S5: Light curves for the SWCNTs-n-Silicon reference solar cell and cells made with
MoS2/SWCNT hybrids after various HF etching times. Table S3: Parameters for the reference SWCNTs-n-Si solar
cell made with 300 µL SWCNT dispersion and cells made with MoS2/SWCNT hybrids after various HF etching
times. Figure S6: Light curves for the SWCNTs-n-Silicon reference solar cell and cells made with MoS2/SWCNT
hybrids using various ratios of dispersions. Table S4: The cell parameters for the reference SWCNTs-n-Si solar cell
and cells made with MoS2/SWCNT hybrids using various ratios of dispersions. Figure S7: Light curves for the
cells made with a layer structure with the Si first covered a MoS2 layer, which is then covered by a SWCNT layer.
Table S5: The parameters for cells made with a layer structure with the Si first covered a MoS2 layer, which is
then covered by a SWCNT layer. Figure S8: Representative light curves for the best average cells. Table S6: The
parameters for the best average cells.
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