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Abstract: New solar cells with Ag/C60/MAPbI3/Cu2ZnSnSe4 (CZTSe)/Mo/FTO multilayered
structures on glass substrates have been prepared and investigated in this study. The electron-
transport layer, active photovoltaic layer, and hole-transport layer were made of C60, CH3NH3PbI3

(MAPbI3) perovskite, and CZTSe, respectively. The CZTSe hole-transport layers were deposited
by magnetic sputtering, with the various thermal annealing temperatures at 300 ◦C, 400 ◦C, and
500 ◦C, and the film thickness was also varied at 50~300 nm The active photovoltaic MAPbI3 films
were prepared using a two-step spin-coating method on the CZTSe hole-transport layers. It has
been revealed that the crystalline structure and domain size of the MAPbI3 perovskite films could be
substantially improved. Finally, n-type C60 was vacuum-evaporated to be the electronic transport
layer. The 50 nm C60 thin film, in conjunction with 100 nm Ag electrode layer, provided adequate
electron current transport in the multilayered structures. The solar cell current density–voltage
characteristics were evaluated and compared with the thin-film microstructures. The photo-electronic
power-conversion efficiency could be improved to 14.2% when the annealing temperature was
500 ◦C and the film thickness was 200 nm. The thin-film solar cell characteristics of open-circuit
voltage, short-circuit current density, fill factor, series-resistance, and Pmax were found to be 1.07 V,
19.69 mA/cm2, 67.39%, 18.5 Ω and 1.42 mW, respectively.

Keywords: thin-film solar cell; C60; perovskite; CZTSe

1. Introduction

More than 80% of the world’s current energy demands are satisfied by exhaustible
fossil fuels. It is already having significant impacts on human health and the global
environment. The world has been on the verge of irreversible climate change for years.
Moreover, global energy demands have been predicted to be doubled by the year 2050 [1].
The quest for a realistic solution is on the priority list for the research community. On
the other hand, organic–inorganic hybrid materials, particularly the perovskite family,
have shown great potential for industrial applications in field-effect transistors, solar cells,
light-emitting diodes, biochemical sensors, and photon detectors [2–4].

In the last decade, the power-conversion efficiency (PCE) of lead halide perovskite
(CH3NH3PbX3, X = Cl, Br or I)-based thin film photovoltaic devices has been improved dra-
matically [5–8]. Organic metal halide materials have shown excellent properties for photon
harvesting for solar cells, such as a low band gap and a large excitation diffusion length [9].
The optical band gap of organic metal perovskite (CH3NH3PbI3; MAPbI3) is about 1.5 eV.
Therefore, this material favors efficient carrier generation and transport to electrodes. It
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can harvest sunlight radiation from the ultraviolet (300 nm) to the infrared region (800 nm)
by adequately adjusting the composition of the three-dimensional perovskite.

Stranks et al. reported a large range length of excitation diffusion greater than 1 mi-
crometer in the mixed halide perovskite [10] Miyasaka et al. studied organo-metal halide
perovskite solar cells with a mesoporous TiO2 structure. In 2009, they used CH3NH3PbI3
and CH3NH3PbBr3 nano-crystals as the active absorbing materials, and achieved an effi-
ciency of 3.8% [11]. In 2012, Kim et al. developed fully solid-state perovskite solar cells
with a fluorine-doped tin oxide (FTO)/mesoporous TiO2/perovskite/2,2′,7,7′-Tetrakis(N,N-
diphenylamino)-9,9-spirobifluorene (Spi- roOMeTAD)/gold structure, achieving an effi-
ciency greater than 9% [12].

Jeng et al. investigated the first inverted planar structure of a perovskite solar cell, and
a similar device structure was used in an organic solar cell [13]. This inverted structure was
typically represented as indium tin oxide (ITO)/poly (3,4-ethylenedioxythiophene):poly
(styrene sulfonate)(PEDOT:PSS)/perovskite/(6,6)-phenyl-C61-butyric acid methylester
(PCBM)/silver. The PEDOT:PSS has been generally used as a hole-transport material
(HTM). The conventional and inverted structures could be distinguished by the direc-
tions of the transport of carriers. However, the traditional hole-transport material of
PEDOT:PSS was somewhat acidic. It could corrode the ITO and reduced the stability of
the devices [14,15]. In practice, FTO has been developed to be used to replace ITO as the
transparent conducting oxide (TCO) when a post-annealing process in air is required for
the thin film structures. FTO could be deposited on top of an optical glass-substrate, such
as in dye-sensitized solar cells or perovskite-based solar cells, where a TiO2 layer is needed
on top of the TCO and will require thermal annealing treatment. The ITO’s electrical
properties can be degraded in the presence of oxygen at relatively high temperatures, such
as around 500 ◦C. On the other hand, FTO is much more stable in such high annealing
temperature conditions.

Metal–selenide materials have received considerable attention owing to their excellent
optical characteristics and electronic properties. These materials are very attractive for ap-
plications in quantum dots [16–19], photovoltaic devices and gas sensors [20–22]. Todorov
et al. investigated CZT(S,Se) as an absorber layer in Kesterite solar cells. This lower-cost
and earth-abundant material exhibited a power conversion efficiency above 11% [23]. In
addition, Cd-free kesterite-based Cu2ZnSnSe4 (CZTSe)/In2S3 could be fabricated by chem-
ical spray pyrolysis [24]. An aqueous solution has also been developed as the HTM layer
in halide photovoltaic solar cells [25]. Cu2ZnSn(SxSe1-x)4 has emerged as a promising
candidate for scalable photovoltaic applications, and its band gap ranges between 1.0 eV
and 1.5 eV, depending on the value of x [26,27]. However, few investigations of metal–
selenide as a carrier-transport material in perovskite solar cells have been reported [28,29].
In addition, fullerene C60 is an exciting all-carbon molecule [30]. Wojciechowski et al.
studied an efficient perovskite solar cell by using it as an n-type compact layer for normal
n-i-p structures. They suggested that the solar cells with C60 carrier charge selective layers
could preserve more photocurrent due to increased electronic coupling. It also decreased
the non-radiative decline on contact under forward bias [31]. Warner et al. also evaluated
the nanostructure in copper phthalocyanine-C60 solar cell blends. Their solar cell’s optimal
efficiency could be improved by an alternative film growth procedure [32–34]. In this study,
CH3NH3PbI3 perovskite solar cells have been prepared using CZTSe as a hole-transport
layer. C60, an n-type semiconductor material, was vacuum evaporated to be the electronic;
transport layer (ETL). The solar cells’ photo-electronic characteristics were investigated
using a Keithley 2420 programmable source meter system under an irradiation power
density of 1000 W/m2. The purpose of this study has been to understand the effects of thin
film thicknesses and energy level alignments in multilayered structures. The processing
parameters should also play important role in improving the design of next generation
perovskite solar cells. A successful development in the field could help to pave the way for
new thin-film solar cells to contribute to at least part of the energy demand. This would
indeed be beneficial to the global environment.
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2. Results and Discussion

Figure 1 shows the corresponding energy levels of the Ag/C60/CH3NH3PbI3 (MAPbI3)
perovskite/Cu2ZnSnSe4 (CZTSe)/Mo/FTO multilayered photovoltaic structures [35–37]
on glass substrates that have been investigated in this study. The proposed cell structure
can be improved by varying different material layer properties, such as thickness, carrier
concentration, and defect density. It has been noted that holes may travel more favorably
than electrons. The device performances are also highly influenced by the different thin
film stacks, as well as the electronic properties at the interfaces. Nevertheless, the energy
level diagrams indeed suggested a true heterojunction planar thin-film solar cell.
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Figure 1. The energy level diagrams of Ag/C60/MAPbI3/CZTSe/Mo/FTO multilayered thin-film
solar cell on glass substrate.

The top-view SEM micrographs of the CZTSe films on Mo/FTO glass substrates,
following the thermal annealing process at the various temperatures, are displayed in
Figure 2. It has been clearly shown that the grain size increased with the increasing
annealing temperature. A crystallized and dense CZTSe film was observed when the
annealing temperature was exceeding 300 ◦C. However, in Figure 2a, the CZTSe thin film
surface, annealed at 300 ◦C, has appeared with relatively smaller crystalline grains. Some
defect pinholes can be clearly observed. The defect phenomena were likely caused by
the incomplete sintering of the film material. On the other hand, Figure 2b shows larger
crystalline grains with less defect pinholes for the CZTSe thin film that had been annealed at
a higher temperature of 400 ◦C. In addition, after the highest 500 ◦C annealing temperature
process for one hour (see Figure 2c), the thin film surface revealed the largest crystalline
grains, with almost undiscernible defect pinholes at the same magnification scale.
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Figure 2. Top-view SEM micrographs of the sputtered CZTSe films that were thermally annealed at (a) 300 ◦C, (b) 400 ◦C,
and (c) 500 ◦C.

A lower annealing temperature would produce thin films with lots of defects or
pinholes on the surface. It is known that high-quality perovskite film is critical for the
fabrication of multilayered thin-film photovoltaic devices. The X-ray diffraction (XRD)
patterns of the MAPbI3 perovskite films on CZTSe HTM films, following thermal annealing
at the various temperatures, are examined in Figure 3. The spectra of the MAPbI3 perovskite
films that were deposited on the CZTSe HTM films that were thermally annealed at 300 ◦C,
400 ◦C, and 500 ◦C all showed one dominant CH3NH3PbI3 (110) diffraction peak at
14.3◦, indicating a strong preferential and prominent orientation in the crystal growth
direction. When the annealing temperature was increased, the full-width at half-maximum
(FWHM) of the CH3NH3PbI3 (110)diffraction peak was slightly improved. A smaller
FWHM suggested a larger averaged domain size with improved perovskite crystallization
in the multilayer structures of the thin-film solar cells.
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Figure 3. XRD spectra of MAPbI3/CZTSe/Mo/FTO multilayered thin-film structures after thermal
annealing at various temperatures.

The function of the MAPbI3 perovskite film is as an active photovoltaic layer, and
the CZTSe film provides the hole-transporting layer. The CZTSe thin film layer and the
MAPbI3 thin film layer can be annealed and sintered altogether. Their energy band gaps
are similar for trapping light. As a result, this trapping of light operates to form pairs of an
excited electron and an associated electron-hole for subsequent recombination. It can affect
the photo-electronic power conversion efficiency and further correlations between films
and the solar cells’ multilayer structures.

Figure 4 shows the room-temperature photoluminescence (PL) spectra of the MAPbI3
perovskite films that were deposited on CZTSe/Mo/FTO glass substrates following the
annealing temperature at 300 ◦C, 400 ◦C, and 500 ◦C. The corresponding emission peak
was clearly observed at ~1.08 eV. The photoluminescence was measured using fluorescence
spectrophotometer equipment (Hitachi F-7000). The intensity of the PL spectrum peak is
related to the lifetime of the exciton in the MAPbI3 perovskite film. The exciton appears
when a mobile concentration of energy in a crystal is formed by an excited electron and an
associated electron-hole. As the optical stimulation was intensified during the experiments,
the excitons increased in number and the electron-hole pairs could cancel each other out.
The current density–voltage (J–V) characteristics were evaluated using a Keithley 2420
programmable source meter under irradiation from a 1000 W xenon lamp. The system
forward scan rate was 0.1 V/s. The irradiation power density on the surface of the solar
cell sample was nominally calibrated to 100 mW/cm2. As the annealing temperature was
increased from 300 ◦C to 500 ◦C, the PL intensity of the MAPbI3 perovskite film also become
increased. This indicated that the decomposition rate of excitons at the interface between
the MAPbI3 material and the CZTSe layer was quickly achieved. The carrier lifetime is
generally limited by surface-related nonradiative recombination [38]. The MAPbI3/CZTSe
films were grown by annealing, which resulted in ohmic contact formation, and the low
contact resistance of the CZTSe film with the back electrode Mo film. The stability of
MAPbI3 perovskite solar cells is related to not only selective contact materials, but also
the MAPbI3 perovskite’s constitutional elements and morphology. In addition, MAPbI3
perovskite materials are sensitive to moisture and can be degraded rapidly. CZTSe thin
film can be an ideal HTM candidate to be incorporated into the bulk MAPbI3 perovskite
layer to improve the device’s stability [39].
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Figure 4. Room-temperature PL spectra of MAPbI3 deposited on CZTSe/Mo/FTO glass substrates
following the annealing treatments at 300, 400, and 500 ◦C.

Figure 5 displays an example of the cross-sectional scanning electron micrograph
(SEM) of the Ag/C60/MAPbI3/CZTSe/Mo/FTO multilayered thin-film structures on a
glass substrate. This sample was annealed at 500 ◦C during its preparation. These thin
films exhibit mainly smooth interfaces, free of pinholes, outgrowth orientations and micro
cracks. Particulates originate from a target material via the mechanism of splashing [29]. In
the experiments, it was found that the distribution density of particulates could be signifi-
cantly reduced by the thermal annealing process. The 500 ◦C temperature treatment was
sufficiently high to produce a clean, smooth surface. The SEM cross-sectional image clearly
revealed a densely packed columnar structure. After all, Figure 6 illustrates the plotted
current density–voltage (J–V) curves for the Ag/C60/MAPbI3/CZTSe/Mo/FTO multilay-
ered thin-film solar cells with the various thermal annealing processes under 100 mW/cm2

illumination (AM 1.5G). In addition, the summarized photovoltaic characteristics of these
thin-film solar cell devices are listed in Table 1. The photo-electronic power-conversion
efficiency was improved from 12.6% to 14.2% as the annealing temperature was increased
from 300 ◦C to 500 ◦C, mainly owing to the increase in the number of photon-generated
carriers that were extracted and injected into the electrode because of the series resistance
(Rs) in the device. The solar cell device exhibited a lower series resistance of 18.5 Ω when
its HTM film was annealed at the higher temperature of 500 ◦C. This is depicted by the
smoothness of the interface between the multilayered films of MAPbI3 and CZTSe, which
resulted in good coverage. As already indicated in Table 1, the annealing at 300–500 ◦C
reduced the series resistance of the devices. In addition, the open-circuit voltage (VOC)
increased from 0.95 V to 1.07 V. The short-circuit current density (Isc) slightly improved
from 19.57 mA/cm2 to 19.69 mA/cm2. Furthermore, the fill factor (FF) was good at 67–68%.
The fill factor is defined as the ratio of the maximum electric output power Pmax of the solar
cell to the product of the open-circuit voltage and the short-circuit current at the maximum
electric power output. That is, it is the maximum power of the rectangle in the current-
voltage characteristic plot. In fact, the fill factor is strongly affected by series resistance and
shunt resistance. It is common to use only fill factor to simultaneously summarize these
two effects. Any increase in series resistance or decrease in shunt resistance can reduce
the fill factor, which in turn reduces the conversion efficiency. The equivalent circuit of an
ideal solar cell can be mathematically modeled [40]. The photo-generated current density
is simulated by a constant current source, which provides a constant current under light
illumination. However, the FF cannot reach 100% due to the fact that the J–V curve can
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never be rectangular. It has been noted that most model equations for FF are somewhat
empirical. The underlying factors may sometimes have a competitive relationship with
each other. Their interactions determine how the current flows in the device. The FF also
decreases with an increased cell area. Therefore, these factors often interact with each
other in a complicated way. In practice, solar cell efficiency can be expressed by three
important parameters: open-circuit voltage, short-circuit current, and fill factor. As a result,
to improve the efficiency of solar cells, we must increase the open-circuit voltage and the
short-circuit current, such as the photocurrent, a fill factor, in order to reduce series resis-
tance and leakage current. The Pmax was found to be up to 1.42 mW. The improvement
in photovoltaic performance may be attributed to the increase in the speed of the exciton
decomposition, such that the electrons are separated and extracted quickly to the Mo/FTO
glass substrates.
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Figure 5. Cross-sectional SEM micrograph of Ag/C60/MAPbI3/CZTSe/Mo/FTO multilayered
structures on glass substrate.
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Table 1. Photovoltaic characteristics of the Ag/C60/MAPbI3/CZTSe/Mo/FTO solar cells following
the CZTSe thermal annealing treatment at the various temperatures.

Annealing
Temperature.

(◦C)

Voc
(V)

Jsc
(mA/cm2)

FF
(%)

Eff
(%)

Rs
(Ω)

Pmax
(mW)

300 0.95 19.57 67.77 12.6 20.1 1.26
400 1.01 19.63 67.58 13.4 19.3 1.34
500 1.07 19.69 67.39 14.2 18.5 1.42

The multilayered structural parameters of the Ag/C60/MAPbI3/CZTSe/Mo/FTO
thin-film solar cells were also investigated in the experiments. For example, Figure 7 shows
the current density–voltage curves for the thin-film solar cells with the CZTSe HTM films
of different thicknesses. All the CZTSe films were annealed at 500 ◦C, and the photovoltaic
cell tests were measured under 100 mW/cm2 illumination (AM 1.5G). The solar cell photo-
voltaic characteristic parameters of the Ag/C60/MAPbI3/CZTSe/Mo/FTO thin-film solar
cells are summarized in Table 2. The PCE value of the Ag/C60/MAPbI3/CZTSe/Mo/FTO
solar cells was found to be improved from 11.7% to 14.2% as the thickness of the CZTSe
HTM film increased from 50 nm to 200 nm. However, further increasing the thickness of
the CZTSe HTM film to 300 nm would reduce the PCE to 12.9%, owing to the increased
series resistance effect in the solar cell, as shown in Table 2.
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Figure 7. J–V curves for the Ag/C60/MAPbI3/CZTSe/Mo/FTO thin-film solar cells with the various
CZTSe film thicknesses, also under 100 mW/cm2 illumination (AM 1.5G).

Table 2. Photovoltaic characteristics of the Ag/C60/MAPbI3/CZTSe/Mo/FTO solar cells with
various CZTSe film thicknesses, all thermally annealed at 500 ◦C.

CZTSe (HTM)
Thickness

(nm)

Voc
(V)

Jsc
(mA/cm2)

FF
(%)

Eff
(%)

Rs
(Ω)

Pmax
(mW)

50 1.02 19.56 58.64 11.7 21.4 1.17
100 1.03 19.59 63.43 12.8 20.2 1.28
150 1.05 19.61 65.56 13.5 19.8 1.35
200 1.07 19.69 67.39 14.2 18.5 1.42
250 1.05 19.62 65.53 13.5 19.6 1.35
300 1.04 19.60 63.22 12.9 20.6 1.29



Molecules 2021, 26, 3516 9 of 14

On the other hand, the fill factor of the thin-film solar cell was increased from 58.64%
to 67.39% as the film thickness was increased from 50 nm to 200 nm. However, when the
thickness further increased to 300 nm, the fill factor degraded to a lower value at 63.22%.
The FF is an important parameter that determines the power conversion efficiency of a solar
cell. As discussed earlier, there are several factors that can significantly influence FF. They
even interact with each other. A more fundamental investigation can be further carried out
to resolve the complicated relationship. In our measurement results, the series resistance
value declined from 21.4 Ω to 18.5 Ω, while the HTM film thickness increased from 50 nm
to 200 nm. Nevertheless, a further increase in film thickness to 300 nm increased the
series resistance value to 20.6 Ω. These effects on the series resistance of the solar cells are
detailed in Table 2. In addition, the open-circuit voltage has been shown to be in the range
of 1.02–1.07 V. The short-circuit current density was maintained at 19.5–19.7 mA/cm2.
The Pmax was estimated 1.17–1.42 mW. The external quantum efficiency (EQE) spectra
at different thicknesses are presented in Figure 8. The improvement seems to be more
profound than the change in the JSC value. Nevertheless, the maximum EQE value was
found in the 200 nm sample.
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Any intrinsic characteristics of semiconductor materials inevitably involve more or
less resistance. Therefore, series resistance will be generated in the solar cell. This is related
to the junction depth, the impurity concentration of p-type, and the n-type in the region.
On the other hand, any p-type or n-type’s electrode in a solar cell has another current that
does not pass through the ideal p–n junction, which will cause a leakage of current. This
may be due to the recombination of electron/electron-hole pairs in the depletion zone.

The internal recombination current or surface recombination current of the semicon-
ductor material is an incomplete isolation of the elemental leakage current of the device.
The leakage current then develops shunt-resistance due to the metal contact penetrating the
p–n junction. However, the existence of the series resistance makes the short-circuit current
relatively small, and the parallel resistance is not enough to reduce the open-circuit voltage.
These two factors present the main causes for the decrease in the conversion efficiency of
a solar cell. When the series resistance is increased, the slope of the straight line of the
current–voltage curve becomes smaller. In addition, the parallel resistance is not large
enough, and the slope of the straight line of the reverse direction becomes large. As to the
fill factor, open-circuit voltage and short-circuit current, it can be drastically decreased,
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which in turn causes a reduction in the PCE conversion efficiency. According to the current
density–voltage curves and the PCE values, the optimal thickness of the CZTSe HTM thin
film was recommended to be 200 nm.

It has been noted that the photovoltaic stability is very important for the practical
application of solar cells [25,41]. Long-term operation stability tests can be further carried
out on solar cells and modules. These include indoor continuous irradiance tests, as
well as outdoor irradiance tests, perhaps under simulated conditions. Additionally, an
accelerated test can involve high temperatures and moisture. This is important, particularly
for the perovskite solar cells. We plan to start by investigating the device’s components
in encapsulated test structures. On the other hand, international standards for measuring
photovoltaic modules should be followed, such as thermal cycling and humidity–freeze
tests. A minimum loss in conversion efficiency is then highly desired.

3. Materials and Methods

In the experiments, molybdenum (Mo) metal thin-film was sputtered on FTO-coated
glass substrates (Ruilong Glass) to be used as a back electrode contact layer [42]. A relatively
high metal work function provides possible ohmic contact to the absorber layer. It decreases
the barrier height for the charge carrier at the back contact interface, and in conjunction
with a suitable surface recombination speed, can improve solar cell performance. The FTO
glass substrates were subsequently cleaned using acetone (Merck), ethanol (Sigma-Aldrich),
and deionized water, each for 10 min. Molybdenum is a kind of metal element material
with chemical symbol Mo. Its atomic number is 42. It is a gray transition metal, used
as a back electrode layer in this solar cell’s multilayer structures. The Mo thin film was
prepared by RF magnetron sputtering using a Mo target (Ultimate Materials Technology)
on commercially available FTO glass substrates. The Ar flow rate and radio-frequency (RF)
power were maintained at 40 sccm and 80 W, respectively. The Mo thin film’s thickness
was 200 nm approximately. Moreover, the CZTSe thin film layers were deposited by RF
magnetron sputtering using a CZTSe target (Ultimate Materials Technology). This time,
the Ar flow rate and RF power were maintained at 30 sccm and 60 W, respectively. The
CZTSe film was sputtered on Mo metal thin film as a hole-transport layer in the multilayer
structures [43].

The solution-processable MAPbI3 perovskites were prepared on CZTSe films to fab-
ricate an inverted perovskite solar cell. The optical, structural, and surface properties of
CZTSe films could then be examined. The relationship between the performance of solar
cells and the properties of CZTSe films is useful in designing a photovoltaic device. The
final CZTSe thin film had a thickness of ~200 nm, although several different thicknesses
were also deposited for comparison. After the sputtering, the CZTSe thin films were
annealed at 300 ◦C, 400 ◦C, or 500 ◦C in a tube furnace for one hour. The PbI2 (Alfa-Aesar)
and MAI (Luminescence Technology) were dissolved in a co-solvent containing dimethyl
sulfoxide (Emerald Scientific) and γ-butyrolactone (Sigma-Aldrich) (in volume ratio = 1:1)
to constitute a perovskite precursor solution. The precursor solution was then coated
onto the CZTSe films by a two-step spin-coating method at 1000 rpm and 5000 rpm for 10
and 20 s, respectively, in a glove box that was filled with highly pure nitrogen. The wet
spinning thin film was quenched by dropping 50 µL of anhydrous toluene (Sigma Aldrich
Corporation, St. Louis, MO, USA) at 17 s. After the spin coating process, the thin film of
perovskite precursor solution was annealed at 100 ◦C for 10 min. The MAPbI3 perovskite
thin film with a thickness of ~600 nm was thus deposited.

Furthermore, the C60 (fullerene) is an n-type semiconductor material. Here, its func-
tion was as an electronic transport layer in the solar cell’s multilayer structures. C60 powder
(Uni-Onward Co., Pingzhen District, Taoyuan City, Taiwan) was prepared on a molybde-
num boat in the vapor chamber of a vacuum evaporation system. It was deposited directly
on the MAPbI3 perovskite films. The C60 thin film with a thickness of 50 nm was deposited
approximately. C60 can increase the strength of metal materials by alloying, plastic defor-
mation and heat treatment. Due to the existence of a three-dimensional highly delocalized
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electron conjugated structure in the C60 molecule, it has good optical and nonlinear optical
properties [44,45]. In addition, C60 is an inexpensive and easily accessible material. The last
electrode layer of silver (Ag) was deposited over the C60 n-type semiconductor material.
A silver ingot (Gredmann Materials Technology) was prepared on a tungsten boat in the
vapor chamber for evaporation. It was deposited above the C60 material. The silver thin
film electrode had a thickness of about 100 nm. Additionally, the molybdenum/tungsten
boats were connected to an external power supply and provided with a maximum current
of 100 A and 90 A, respectively. The evaporation equipment model was PSE-1.5KVA. The
power supply equipment mainly provided a direct current to the molybdenum boat or
tungsten boat, separately. Due to the resistance effect, the temperature of the molybdenum
or tungsten boats would be increased significantly. Subsequently, the C60 and the silver
electrode were deposited at thicknesses of 50 and 100 nm, respectively, by the thermal
vacuum evaporator equipment.

The Ag/C60/MAPbI3/CZTSe/Mo/FTO multilayered thin-film solar cell samples
were further covered with a shadow mask to define an active area of 0.5 × 0.2 cm2 during
the C60/silver deposition step. Thus, Figure 9 depicts a schematic illustration of the com-
plete structure. The crystalline microstructures of the solar cell thin films were examined
using a PANalytical X’Pert Pro DY2840 X-ray diffractometer (XRD) with Cu Kα radiation
(λ = 0.154 nm). A field-emission scanning electron microscope (Zeiss Gemini SEM) was
used to observe the surface morphology of the thin-film solar cells. The photoluminescence
(PL) was measured using a fluorescence spectrophotometer (Hitachi F-7000, Tokyo, Japan).
The current density–voltage (J–V) characteristics were evaluated using a Keithley 2420
programmable source meter under irradiation from a 1000 W xenon lamp. The equipment
forward scan rate was set at 0.1 V/s. Finally, the irradiation power density on the surface
of the solar cell sample was calibrated to 100 mW/cm2.
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Figure 9. Schematic illustration of the multilayered structure of Ag/C60/MAPbI3/Cu2ZnSnSe4/
Mo/FTO thin-film solar cell.

4. Conclusions

This paper presents the preparation, and investigations into the characteristics, of
photovoltaic thin-film solar cells with Ag/C60/MAPbI3/CZTSe/Mo/FTO multilayer struc-
tures. The MAPbI3 perovskite films were deposited on CZTSe HTM films using a precursor
solution made of PbI2 and MAI. The thermal annealing process improved the perovskite
film in terms of its crystalline structure and domain size. This process ensured a smooth
interface with good surface coverage in the multilayered thin-film structures. In combi-
nation with the designed film thicknesses and energy level alignments, it was efficient
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in reducing carrier recombination. Thus, it could result in rapid charge transition and
low series resistance at the interface. From the experiments, we can conclude that the
recommended solar cell device should have an active absorbing MAPbI3 perovskite film of
600 nm in thickness, a CZTSe HTM film of 200 nm in thickness, and a C60 ETL film of 50 nm
in thickness, respectively. The thin-film multilayer structures have good omhic contact and
minimal defects in their films. The thin-film solar cells were evaluated under 100 mW/cm2

illumination (AM 1.5G) for their current density–voltage curves. The photovoltaic char-
acteristics exhibited improved the power-conversion efficiency from 12.6% to 14.2%. The
open-circuit voltage was increased from 0.95 V to 1.07 V. The short-circuit current density
was slightly improved from 19.57 mA/cm2 to 19.69 mA/cm2. The solar cell maintained a
good fill factor at 67–68%. The device’s series resistance value was also reduced to 18.5 Ω.
Furthermore, the maximum electric output power Pmax of the solar cell was 1.42 mW. We
improved the MAPbI3 perovskite nanostructured photovoltaics using CZTSe HTM. The
CZTSe films were deposited by one-step magnetron sputtering and annealed at different
temperatures. It has been confirmed that the CZTSe film can be used as an HTM with C60
ETL to enhance the photovoltaic characteristic parameters.

Author Contributions: Conceptualization, T.-W.C. and C.-C.T.; methodology, T.-W.C. and C.-C.T.;
formal analysis, D.W.C. and L.-C.C.; investigation, G.W.; resources, D.W.C.; data curation, C.-L.Y.;
writing—original draft preparation, C.-C.T.; writing—review and editing, G.W.; supervision, G.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (Taiwan) under
research contracts MOST105-2221-E-182-059-MY3 and MOST-108-2221-E-182-020-MY3. The APC
was funded by CGMH support of CMRP246 and CMRPD3G0063.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples not available.

References
1. Nazeeruddin, M.K. In retrospect: Twenty-five years of low-cost solar cells. Nature 2016, 538, 463. [CrossRef] [PubMed]
2. Mitzi, D.B. Synthesis, structure, and properties of organic-inorganic perovskites and related materials. Prog. Inorg. Chem. 2007, 48,

1–121.
3. Abdulrahim, S.M.; Ahmad, Z.; Bhadra, J.; Al-Thani, N.J. Long-term stability analysis of 3D and 2D/3D hybrid perovskite solar

cells using electrochemical impedance spectroscopy. Molecules 2020, 25, 5794. [CrossRef]
4. Manzhos, S. Aggregate-state effects in the atomistic modeling of organic materials for electrochemical energy conversion and

storage devices: A perspective. Molecules 2020, 25, 2233. [CrossRef]
5. Jeon, N.J.; Noh, J.H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for

high-performance solar cells. Nature 2015, 517, 476. [CrossRef]
6. Sun, W.; Choy, K.L.; Wang, M. The role of thickness control and interface modification in assembling efficient planar perovskite

solar cells. Molecules 2019, 24, 3466. [CrossRef]
7. Risi, G.; Becker, M.; Housecroft, C.; Constable, E.C. Are alkynyl spacers in ancillary ligands in heteroleptic bis(diimine)copper(I)

dyes beneficial for dye performance in dye-sensitized solar cells? Molecules 2020, 25, 1528. [CrossRef]
8. Yang, W.S.; Noh, J.H.; Jeon, N.J.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. High-performance photovoltaic perovskite layers fabricated

through intramolecular exchange. Science 2015, 348, 1234. [CrossRef] [PubMed]
9. Xing, G.; Mathews, N.; Sun, S.; Lim, S.S.; Lam, Y.M.; Grätzel, M.; Mhaisalkar, S.; Sum, T.C. Long-range balanced electron- and

hole-transport lengths in organic-inorganic CH3NH3PbI3. Science 2013, 342, 344. [CrossRef]
10. Stranks, S.D.; Eperon, G.E.; Grancini, G.; Menelaou, C.; Alcocer, M.J.; Leijtens, T.; Herz, L.M.; Petrozza, A.; Snaith, H.J. Electron-

hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber. Science 2013, 342, 341. [CrossRef]
[PubMed]

11. Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells.
J. Am. Chem. Soc. 2009, 131, 6050. [CrossRef]

http://doi.org/10.1038/538463a
http://www.ncbi.nlm.nih.gov/pubmed/27786213
http://doi.org/10.3390/molecules25245794
http://doi.org/10.3390/molecules25092233
http://doi.org/10.1038/nature14133
http://doi.org/10.3390/molecules24193466
http://doi.org/10.3390/molecules25071528
http://doi.org/10.1126/science.aaa9272
http://www.ncbi.nlm.nih.gov/pubmed/25999372
http://doi.org/10.1126/science.1243167
http://doi.org/10.1126/science.1243982
http://www.ncbi.nlm.nih.gov/pubmed/24136964
http://doi.org/10.1021/ja809598r


Molecules 2021, 26, 3516 13 of 14

12. Kim, H.S.; Lee, C.R.; Im, J.H.; Lee, K.B.; Moehl, T.; Marchioro, A.; Moon, S.J.; Humphry-Baker, R.; Yum, J.H.; Moser, J.E.; et al.
Lead iodide perovskite sensitized all-solid-state submicron thin film mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep.
2012, 2, 591. [CrossRef]

13. Jeng, J.Y.; Chiang, Y.F.; Lee, M.H.; Peng, S.R.; Guo, T.F.; Chen, P.; Wen, T.C. CH3NH3PbI3 perovskite/fullerene planar-
heterojunction hybrid solar cells. Adv. Mater. 2013, 25, 3727. [CrossRef]

14. Chen, L.M.; Hong, Z.; Li, G.; Yang, Y. Recent progress in polymer solar cells: Manipulation of polymer: Fullerene morphology
and the formation of efficient inverted polymer solar cells. Adv. Mater. 2009, 21, 1434. [CrossRef]

15. Choi, H.; Mai, C.K.; Kim, H.B.; Jeong, J.; Song, S.; Bazan, G.C.; Kim, J.Y.; Heeger, A.J. Conjugated polyelectrolyte hole transport
layer for inverted-type perovskite solar cells. Nat. Commun. 2015, 6, 7348. [CrossRef]

16. Peng, X.; Manna, L.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; Alivisatos, A.P. Shape control of CdSe nanocrystals. Nature
2000, 404, 59. [CrossRef]

17. Murray, C.B.; Kagan, C.R.; Bawendi, M.G. Self-organization of CdSe nanocrystallites into three-dimensional quantum dot
superlattices. Science 1995, 270, 1335. [CrossRef]

18. Kim, J.M.; Lee, B.S.; Hwang, S.W. High-performance core/shell of ZnO/TiO2 nanowire with AgCl-doped CdSe quantum dots
arrays as electron transport layer for perovskite solar cells. Molecules 2020, 25, 3969. [CrossRef]

19. Chevrier, M.; Fattori, A.; Lasser, L.; Kotras, C.; Rose, C.; Cangiotti, M.; Beljonne, D.; Mehdi, A.; Surin, M.; Lazzaroni, R.; et al. In
depth analysis of photovoltaic performance of chlorophyll derivative-based “all solid-state” dye-sensitized solar cells. Molecules
2020, 25, 198. [CrossRef]

20. Lee, Y.L.; Lo, Y.S. Highly efficient quantum-dot-sensitized solar cell based on co-sensitization of CdS/CdSe. Adv. Funct. Mater.
2009, 19, 604. [CrossRef]

21. Lee, Y.L.; Huang, B.M.; Chien, H.T. Highly efficient CdSe-sensitized TiO2 photoelectrode for quantum-dot-sensitized solar cell
applications. Chem. Mater. 2008, 20, 6903. [CrossRef]

22. Panthani, M.G.; Akhavan, V.; Goodfellow, B.; Schmidtke, J.P.; Dunn, L.; Dodabalapur, A.; Barbara, P.F.; Korgel, B.A. Synthesis of
CuInS2, CuInSe2, and Cu(InxGa1-x)Se2 (CIGS) manocrystal “inks” for printable photovoltaics. J. Am. Chem. Soc. 2008, 130, 16770.
[CrossRef]

23. Todorov, T.K.; Tang, J.; Bag, S.; Gunawan, O.; Gokmen, T.; Zhu, Y.; Mitzi, D.B. Beyond 11% efficiency: Characteristics of
state-of-the-art Cu2ZnSn(S,Se)4 solar cells. Adv. Energy Mater. 2013, 3, 34–38. [CrossRef]

24. Khadka, D.B.; Kim, S.Y.; Kim, J.H. A nonvacuum approach for fabrication of Cu2ZnSnSe4/In2S3 thin film solar cell and
optoelectronic characterization. J. Phys. Chem. C 2015, 119, 12226–12235. [CrossRef]

25. Khadka, D.B.; Shirai, Y.; Yanagida, M.; Miyano, K. Ammoniated aqueous precursor ink processed copper iodide as hole transport
layer for inverted planar perovskite solar cells. Sol. Energy Mater. Sol. Cells 2020, 210, 110486. [CrossRef]

26. Lee, Y.S.; Gershon, T.; Gunawan, O.; Todorov, T.K.; Gokmen, T.; Virgus, Y.; Guha, S. Cu2ZnSnSe4 thin-film solar cells by thermal
coevaporation with 11.6% efficiency and improved minority carrier diffusion length. Adv. Energy Mater. 2015, 5, 1401372.

27. Khadka, D.B.; Kim, S.Y.; Kim, J.H. Effects of Ge alloying on device characteristics of kesterite-based CZTSSe thin film solar cells. J.
Phys. Chem. C 2016, 120, 4251–4258. [CrossRef]

28. Chen, L.C.; Chen, C.C.; Chen, J.C.; Wu, C.G. Annealing effects on high-performance CH3NH3PbI3 perovskite solar cells prepared
by solution-process. Sol. Energy 2015, 122, 1047. [CrossRef]

29. Chrisey, D.B.; Hubler, G.K. Pulsed Laser Deposition of Thin Films, 1st ed.; Wiley-Interscience: New York, NY, USA, 1994; pp. 1–14.
30. Piotrowski, P.; Mech, W.; Zarebska, K.; Krajewski, M.; Korona, K.P.; Kaminska, M.; Skompska, M.; Kaim, A. Mono- and di-pyrene

[60]fullerene and [70]fullerene derivatives as potential components for photovoltaic devices. Molecules 2021, 26, 1561. [CrossRef]
31. Wojciechowski, K.; Leijtens, T.; Siprova, S.; Schlueter, C.; Horantner, M.T.; Wang, J.T.; Li, C.Z.; Jen, A.K.; Lee, T.L.; Snaith, H.J. C60

as an efficient n-Type compact layer in perovskite solar cells. J. Phys. Chem. Lett. 2015, 6, 2399–2405. [CrossRef]
32. Warner, M.; Mauthoor, S.; Felton, S.; Wu, W.; Gardener, J.A.; Din, S.; Klose, D.; Morley, G.W.; Stoneham, A.M.; Fisher, A.J.;

et al. Spin-based diagnostic of nanostructure in copper phthalocyanine-C60 solar cell blends. ACS Nano 2012, 6, 10808–10815.
[CrossRef]

33. Al-Matar, H.M.; BinSabt, M.H.; Shalaby, M.A. Synthesis and electrochemistry of new furylpyrazolino[60]fullerene derivatives by
efficient microwave radiation. Molecules 2019, 24, 4435. [CrossRef]

34. Lim, C.J.; Park, M.G.; Kim, M.S.; Han, J.H.; Cho, S.; Cho, M.H.; Yi, Y.; Lee, H.; Cho, S.W. Electronic structure of C60/zinc
phthalocyanine/V2O5 interfaces studied using photoemission spectroscopy for organic photovoltaic applications. Molecules 2018,
23, 449. [CrossRef]

35. Chen, G.; Zheng, J.; Zheng, L.L.; Yan, X.; Lin, H.; Zhang, F. Crack-free CH3NH3PbI3 layer via continuous dripping method for
high-performance mesoporous perovskite solar cells. Appl. Surf. Sci. 2017, 392, 960–965. [CrossRef]

36. Chen, L.C.; Wu, J.R.; Tseng, Z.L.; Chen, C.C.; Chang, S.H.; Huang, J.K.; Lee, K.L.; Cheng, H.M. Annealing effect on (FAPbI3)1-
x(MAPbBr3)x perovskite films in inverted-type perovskite solar cells. Materials 2016, 9, 747. [CrossRef] [PubMed]

37. Jena, A.J.; Kulkarni, A.; Miyasaka, T. Halide perovskite photovoltaics: Background, status, and future prospects. Chem. Rev. 2019,
119, 3036–3103. [CrossRef] [PubMed]

38. Tampo, H.; Kim, K.M.; Kim, S.; Shibata, H.; Niki, S. Improvement of minority carrier lifetime and conversion efficiency by Na
incorporation in Cu2ZnSnSe4 solar cells. J. Appl. Phys. 2017, 122, 023106. [CrossRef]

http://doi.org/10.1038/srep00591
http://doi.org/10.1002/adma.201301327
http://doi.org/10.1002/adma.200802854
http://doi.org/10.1038/ncomms8348
http://doi.org/10.1038/35003535
http://doi.org/10.1126/science.270.5240.1335
http://doi.org/10.3390/molecules25173969
http://doi.org/10.3390/molecules25010198
http://doi.org/10.1002/adfm.200800940
http://doi.org/10.1021/cm802254u
http://doi.org/10.1021/ja805845q
http://doi.org/10.1002/aenm.201200348
http://doi.org/10.1021/acs.jpcc.5b03193
http://doi.org/10.1016/j.solmat.2020.110486
http://doi.org/10.1021/acs.jpcc.5b11594
http://doi.org/10.1016/j.solener.2015.10.019
http://doi.org/10.3390/molecules26061561
http://doi.org/10.1021/acs.jpclett.5b00902
http://doi.org/10.1021/nn304156e
http://doi.org/10.3390/molecules24244435
http://doi.org/10.3390/molecules23020449
http://doi.org/10.1016/j.apsusc.2016.09.138
http://doi.org/10.3390/ma9090747
http://www.ncbi.nlm.nih.gov/pubmed/28773874
http://doi.org/10.1021/acs.chemrev.8b00539
http://www.ncbi.nlm.nih.gov/pubmed/30821144
http://doi.org/10.1063/1.4993288


Molecules 2021, 26, 3516 14 of 14

39. Chen, J.; Park, N.G. Inorganic hole transporting materials for stable and high efficiency perovskite solar cells. J. Phys. Chem. C
2018, 122, 14039–14063. [CrossRef]

40. Qi, B.; Wang, J. Fill factor in organic solar cells. Phys. Chem. Chem. Phys. 2013, 15, 8972–8982. [CrossRef]
41. Larramona, G.; Chone, C.; Meissner, D.; Ernits, K.; Bras, P.; Ren, Y.; Martın-Salinas, R.; Rodrıguez-Villatoro, J.L.; Vermang, B.;

Brammertz, G. Stability, reliability, upscaling and possible technological applications of kesterite solar cells. J. Phys. Energy 2020,
2, 024009. [CrossRef]

42. Lin, L.; Ravindra, N.M. CIGS and perovskite solar cells-an overview. Emerg. Mater. Res. 2020, 9, 13. [CrossRef]
43. Lai, F.I.; Yang, J.F.; Wei, Y.L.; Kuo, S.Y. High quality sustainable Cu2ZnSnSe4 (CZTSe) absorber layers in highly efficient CZTSe

solar cells. Green Chem. 2017, 19, 795–802. [CrossRef]
44. Yoshida, K.; Oku, T.; Suzuki, A.; Akiyama, T.; Yamasaki, Y. Fabrication and characterization of phthalocyanine/C60 solar cells

with inverted structure. Adv. Chem. Eng. Sci. 2012, 2, 461–464. [CrossRef]
45. Kim, D.Y.; So, F.; Gao, Y. Aluminum phthalocyanine chloride/C60 organic photovoltaic cells with high open-circuit voltages. Sol.

Energy Mater. Sol. Cells 2009, 93, 1688–1691. [CrossRef]

http://doi.org/10.1021/acs.jpcc.8b01177
http://doi.org/10.1039/c3cp51383a
http://doi.org/10.1088/2515-7655/ab7cee
http://doi.org/10.1680/jemmr.20.00124
http://doi.org/10.1039/C6GC02300B
http://doi.org/10.4236/aces.2012.24056
http://doi.org/10.1016/j.solmat.2009.04.003

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 
	References

