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ABSTRACT: Transparent photovoltaic (TPV) devices have great potential to be
applied as smart windows in construction and agriculture fields. TPVs with an
average visible transmission (AVT) exceeding 50% are among the strong candidates
to build lighting windows since the champion efficiency has already exceeded 10%.
However, it is still a challenge in TPVs that semiconductors are generally expensive
and transparency is difficult to further enhance, particularly for device AVT
exceeding 70%. In this work, we develop a set of fullerene-based heterojunctions to
harvest the light. By utilizing the low-cost fullerene as the light-absorbing material
and combining it with the transparent electrode, the fabricated TPV device can
achieve an AVT of 72.1% with a PCE exceeding 1%. Notably, the device with an
AVT of 82% is also successfully demonstrated. This study provides an effective
approach for building low-cost and efficient TPV devices.

■ INTRODUCTION
Transparent photovoltaic (TPV) is a promising technique for
building-integrated photovoltaic (BIPV) fields. It is envisaged
to replace traditional building materials such as glass curtain
walls, exterior wall decorative stones, and roof tiles.1−3 TPV
devices with the average visible transmission (AVT) of over
50% can supply electricity with little impact on human
vision.4−7 Especially, devices with AVT exceeding 70% can
approach the transparency level of double-layer architectural
glass, further expanding their practical applications. However,
achieving a device AVT over 70% is highly challenging due to
the main hurdle in the design of light-absorption materials.
The development of TPV devices encompasses various fields

including organic solar cells, dye-sensitized solar cells,8

perovskite solar cells,9,10 and luminescent solar concentra-
tors.11 Among these, the rapid development of light-absorption
materials in organic solar cells has led to significant
improvement in device photovoltaic performance. Combined
with the lightweight and flexible advantages of organic
photovoltaics, transparent organic devices demonstrate strong
potential for various applications.12−14 One of the effective
strategies for constructing highly transparent organic TPVs is
to utilize wavelength-selective absorption semiconductors as
light-harvesting materials, including ultraviolet (UV)- and
near-infrared (NIR)-selective semiconductors.2,15−17 For ex-
ample, the TPV based on PDTP-DFBT:FOIC as NIR-
absorption materials is reported to achieve a device PCE of
3.5% and an AVT of 61.5%.18 The NIR-selective-absorption
PTB7-Th:6TIC-4F and UV-selective-absorption perovskite are
combined to fabricate tandem TPV devices, exhibiting an
efficiency of over 10% with an AVT of 52.9%.19 An NIR/UV-

absorption ClAlPc/C60 heterojunction is introduced to
fabricate TPV and the device achieves a PCE of 1.34% and
an AVT of 77.45%.20 The UV-absorption organic molecular
donors are synthesized to act as light-harvesting semi-
conductors in TPVs, and the device achieves an AVT of up
to 80.3% and a PCE of 0.61%.21 These progresses greatly
encourage research in the TPV field. However, the molecular
structures and synthesis processes of wavelength-selective
semiconductors are generally complex, which indicates that
the manufacturing costs of TPVs will be significantly raised.
Therefore, developing low-cost semiconductors and construct-
ing efficient heterojunctions is an inevitable way to apply the
TPVs in the commercial field.
Fullerene compounds, a category of carbon-based semi-

conductors, possess both excellent photovoltaic capabilities
and are cost-effective. Previous research studies have reported
that fullerene and its derivatives can not only serve as critical
components for electron acceptors and electron transport
layers but also significantly impact photon absorption and
photocurrent generation in solar cells.22,23 Herein, we adopted
fullerene molecules as the primary light-harvesting materials
and developed a set of efficient heterojunctions to apply in
TPV devices. By investigating the various fullerene-based
heterojunctions and finely optimizing the fullerene film
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thickness, TPVs can achieve the AVT (spectral range from 430
to 670 nm) of up to 82%. The superior transparency of TPV
devices rivals that of window glass, positioning them as among
the most transparent photovoltaic devices. Notably, despite the
limited absorption of fullerene in the visible-light range, the
outstanding copper thiocyanate (CuSCN)/fullerene hetero-
junction enables TPV devices to maintain a PCE of over 1%,
even with an AVT exceeding 70%. This work may promote the
development of low-cost, non-selective semiconductor materi-
als in TPV.

■ RESULTS AND DISCUSSION
Due to the excellent electron-extraction capability, fullerene
compounds are well known in the organic photovoltaic field.
Firdaus and his colleagues found that fullerene works very well
as a light-absorption semiconductor and the device shows an
efficiency of over 6%.24 By reducing the thickness of the
fullerene layer, the fullerene film is expected to be used in a
transparent device. The creative work opens the door to
developing efficient fullerene-based TPV devices. However,
since fullerene molecules usually act as n-type semiconductors,
a suitable p-type semiconductor is needed to form an efficient
heterojunction. The fullerene-based heterojunctions have not
been well developed.
Here, we use fullerene C60 as a reference fullerene molecule

to carry out the research of fullerene-based heterojunctions
because the thickness of the C60 film can be easily controlled
by the thermal evaporation method. Five commonly used hole
transfer materials (HTMs) in organic photovoltaics are

employed as p-type semiconductors to form C60-based
heterojunctions (Figure 1a,b). All energy level values are
sourced from the literature.24−27 In addition to PEDOT:PSS,
four other materials can form type-II heterojunctions with C60
to promote the effective separation of electrons and holes in
space. The absorption peaks of these heterojunction films are
comparable to those of the corresponding C60 films, indicating
that C60 plays the primary role in light absorption. To
investigate the role of various heterojunctions in solar cells,
opaque devices are constructed with the structure of ITO/
PEDOT:PSS/HTM/C60/BCP/Ag. Figure 1c and Table S1
illustrate the device performance with various HTMs/C60
heterojunctions. CuSCN/C60-based devices show a maximum
PCE of 0.981% and a JSC of 2.38 mA cm−2. The exceptional
device performance based on CuSCN/C60 primarily arises
from the charge generation process analogous to the observed
emissive charge transfer state in the organic−inorganic
heterojunctions, promoting efficient charge separation.28 The
external quantum efficiency (EQE) characterization reveals
that the CuSCN/C60-based device has relatively strong
absorption, suggesting higher charge generation and separation
efficiency at the CuSCN/C60 interface (Figure 1d).

29 In
contrast, the EQE curves of other devices suggest a lack of
appropriate charge separation interfaces. Additionally, EQE
spectra of all devices show that charge generation occurs
mainly focused on the spectral range of less than 550 nm. This
also indirectly reflects that C60 might be a suitable semi-
conductor for fabricating highly transparent devices. Thus, we
subsequently attempted to construct TPVs using the efficient
CuSCN/C60 heterojunction.

Figure 1. (a) Energy levels of the materials applied in the various heterojunctions. (b) Absorption spectra of various heterojunction films on quartz
glasses. (c) J−V and (d) EQE curves of opaque devices based on various heterojunctions.
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The structure of ITO/PEDOT:PSS/CuSCN/C60/BCP is
employed to investigate the sample transparency without
depositing the top electrode. As shown in Figure 2a and Table

1, with the increasing thickness of the C60 film (0−25 nm), the
absorption of corresponding samples gradually rises. Mean-
while, a slight increase in reflection at the visible-light region

Figure 2. Optical properties of related samples. (a) Transmission (T)/reflection (R)/1−T−R spectra of the ITO/PEDOT:PSS/CuSCN/C60/BCP
sample with various thicknesses of C60 films (0−25 nm). (b) T/R spectra of the different electrode materials on glass substrates. (c) T/R spectra of
TPV devices with the C60 film thicknesses from 0 to 25 nm. (d) T/R spectra for the C60−20 nm TPV devices with different top electrodes. (e)
Photograph of the C60−20 nm TPV device with the top electrode. (f) T/R spectra of double-layer glass and the C60−5 nm TPV device.

Table 1. Optical Parameters of ITO/PEDOT:PSS/CuSCN/C60/BCP Samples and TPV Devices with Various Thicknesses of
C60 Films

samples parameters 0 nm 5 nm 10 nm 15 nm 20 nm 25 nm

without top electrode AVT (%) 86.9 85.6 84.0 82.1 79.9 77.6
CRI 98.7 96.9 96.8 94.9 94.0 86.2
CIE (a*, b*) −1.75, 0.18 −1.88, 2.64 −1.20, 8.31 −0.04, 11.88 0.38, 13.73 1.52, 16.01

TPV device AVT (%) 83.2 82.6 81.2 80.4 80.2 78.9
CRI 98.8 98.2 95.4 93.6 96.8 95.7
CIE (a*, b*) −1.32, 0.47 −1.35, 1.27 −2.03, 4.33 −2.02, 6.48 −2.00, 8.68 −2.10, 11.49
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leads to a notable reduction in overall transmission. Most
samples exhibit AVT over 80%, and the sample with the C60−5
nm film shows the highest AVT of 85.6%. When the thickness
of the C60 film reaches 20 nm, the AVT of the sample without
the top electrode reaches the critical boundary of 80%.
According to the above results, the thicknesses of C60 films in
TPV devices are limited to lower than 20 nm in the following
experiments, which is expected to achieve TPV with AVT over
80%. In addition, the morphology of C60 films with different
thicknesses is also researched (Figure S1). As confirmed by
atomic force microscopy (AFM) characterization, the thick-
ness changes have no evident influence on the final
morphology and roughness of the C60 film.
The transparent electrode is another crucial factor for

TPVs.30−32 Besides the highly transparent ITO, highly
conductive PH1000 can also serve as the transparent electrode
with the room-temperature lamination transfer technique.33−37

This method can protect the underlying layers from fabrication
damage.38,39 Furthermore, the silver nanowires (Ag NWs)
solution is added to the PH1000 precursor to reduce the sheet
resistance from 141 ± 31 to 84 ± 22 Ω/sq. As shown in Figure
2b and Table S2, the introduction of Ag NWs primarily affects
the transmittance within the 340−420 nm range, avoiding the
region of human eye visual response. The AVT of the PH1000
and PH1000:Ag NWs hybrid film shows close values of 84.9
and 85.0%, respectively. Therefore, it has a negligible effect on
film transparency. The electrode morphology is tested by
scanning electron microscopy (SEM) (Figure S2). Randomly
cross-linked Ag NWs are built with a low coverage ratio so that

it may favor the transmission of incident light.40 The
combination of high conductivity and transparency makes
the PH1000:Ag NWs hybrid film a strong contender as a
transparent electrode in the TPV field.
By laminating the PH1000:Ag NWs transparent top

electrode (Figure S3), the TPV devices with CuSCN/C60
heterojunctions are successfully fabricated with the structure of
ITO/PEDOT:PSS/CuSCN/C60/BCP/PH1000:Ag NWs. The
SEM images of the sample before and after loading the top
electrode are shown in Figure S4. A staggered arrangement of
Ag NWs on the organic layer is well observable, and the
morphology of the PH1000:Ag NWs electrode remains
relatively consistent after depositing. Optical properties of
TPVs are shown in Figure 2c, Table 1, and Figure S5. When
the C60 thickness is no more than 20 nm, all TPV devices
exhibit the AVT exceeding 80%. In addition, for C60-20 nm
and C60-25 nm films, the AVT values of related TPV devices
are even higher than the samples without the top electrode.
Take the C60−20 nm film as an example, after depositing the
PH1000:Ag NWs electrode, the transmission of the TPV
device in the range of 420−590 nm is higher than the device
without the top electrode, resulting in a noticeable improve-
ment of the AVT (Figure 2d). It can be inferred that the
transmission improvement stems from the antireflection effect
of the PH1000:Ag NWs electrode. The reflection of the TPV
device is significantly lower than the samples without the top
electrode, indicating that more photons can go into/through
the TPV device. This antireflection effect can offset the photon

Figure 3. Performance characteristics of TPV devices. (a) Architecture of the TPV device. (b) J−V characteristics for TPV devices with different
thicknesses of C60. (c) J−V curves from forward scan and reverse scan for the C60−20 nm TPV device. The inset of (c) device stability of C60−20
nm TPV. (d) T/R/EQE properties for the corresponding C60−20 nm TPV device.
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loss by electrode absorption and result in higher trans-
mission.41−43

Notably, the color rendering index (CRI) of TPV devices is
up to 98, which indicates that the devices are almost colorless
and show the minimum impact on vision.9,44 As shown in
Figure 2e, the C60−20 nm TPV device looks clear and
substantially transparent, and the colors of all objects are well
maintained. Double-layer glass (microscope slides used as a
reference) is a commonly used material for building windows,
so it serves as a reference to describe the transparency of highly
transparent TPVs (Figure 2f). CuSCN/C60-based TPV devices
present an AVT of 80.2−82.6% and CRI of 93−98, which are
comparable with double-layer microscope slides (AVT of 82%
and CRI of 99.1). The highly transparent TPVs essentially
match the optical requirements for application on window
glass in architecture.
After confirming that the TPV device meets transparency

requirements, we explored the photovoltaic performance of the
devices with the structure shown in Figures 3a and S6. J−V
curves and performance parameters are summarized in Figures
3b, S7, and Table S3. The device PCE exhibits an upward
trend with an increased thickness of C60. This result largely
depends on the light-absorption capacity of the active layer,
which can also be confirmed in the 1-T−R curves of C60 films.
The PCE of the champion TPV is up to 0.31%, with an open-
circuit voltage (VOC) of 0.680 V, a short-circuit current density
(JSC) of 0.893 mA cm−2, and a fill factor of 50.3%. Meanwhile,
the forward and reverse scan curves almost coincide, which is

serviceable in proving the good fabrication of the TPV device
(Figure 3c). In addition, the integrated JEQE is 0.85 mA cm−2,
which matches well with the JSC obtained by the J−V
measurement and further verifies the performance of the
device. To satisfy the photon balance consistency check,45 the
optical properties of the TPV devices are systematically
researched. As shown in Figure 3d, the T, R, and EQE curves
of the complete device are summarized. It can be proved that
EQE + T + R < 100% in all spectral ranges. Thus, so far, we
have achieved CuSCN/C60-based TPV devices with AVT
exceeding 80% and a PCE of 0.31%.
Device stability is also an important factor in evaluating the

device performance and potential application. Therefore, the
efficiency stability of unencapsulated TPV devices (stored in
the glovebox) is shown in the inset of Figure 3c. The results
show that tested devices can maintain a PCE over 80% of the
initial efficiency after 60 days. Even after 165 days, the device
PCE still achieves more than 75% of the initial PCE. The
stability of the device may largely be attributed to the stability
of active materials and the stable CuSCN/C60 heterojunction.
Moreover, the fabrication method of the device structure is
simple and can satisfy the requirements for the fabrication of
large-area devices. As shown in Figure S8 and Table S4, the
efficiency of the corresponding large-area device remains at the
same level as the small-area device.
Considering that the transparent electrode can significantly

impact device transparency and photovoltaic performance, we
tried to introduce the commonly used top electrode to

Figure 4. Performance characteristics of PC71BM-based TPV devices. (a) T and (b) J−V curves of TPV devices based on a CuSCN:PC71BM blend
layer (concentration of PC71BM is 5/10/15 mg/mL). (c) J−V curves of TPV devices based on the CuSCN/PC71BM bilayer and the
CuSCN:PC71BM blend layer (concentration of PC71BM is 15 mg/mL). (d) T/R/EQE properties for the corresponding CuSCN:PC71BM TPV
device (concentration of PC71BM is 15 mg/mL).
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investigate device photovoltaic performance while maintaining
high transparency (Figure S9 and Table S5). The opaque silver
electrode is also adopted as the reference for the transparent
electrodes. Related device performances are summarized in
Figure S10 and Table S6. The opaque device presents the
highest efficiency, and the photocurrent is higher than that of
the transparent devices. It is easily understood that the active
layer reabsorbs the reflective light reflected by the opaque
silver electrode and contributes to the high photocurrent. The
thin-silver-film transparent electrode device exhibits improved
performance (PCE = 0.355%) compared to the PH1000-based
TPV devices. Owing to the strong reflection in the range of
530−800 nm, the transparency of the thin-silver-film trans-
parent electrode is significantly decreased, resulting in the AVT
of the device of only 69.4%. The device with the PH1000-only
transparent electrode shows a comparable AVT to the device
with the PH1000:Ag NWs hybrid electrode. However, the
PCE is lower than that of the PH1000:Ag NWs-based TPV
device due to the higher sheet resistance.
Since fullerene molecules are highly soluble in organic

solvents, we can also employ the solution process to prepare
the fullerene-based heterojunction, including planar hetero-
junction structure and bulk-heterojunction structure. Previous
study suggests that the bulk-heterojunction structure
(CuSCN:PCBM) has improved charge separation perform-
ance compared to the planar structured heterojunction
(CuSCN/PCBM). Therefore, we fabricated the TPV device
with CuSCN and (6,6)-phenyl C71 butyric acid methyl ester
(PC71BM) bulk heterojunction by the solution process, and
the device with the CuSCN/PC71BM planar heterojunction
was also prepared for comparison. Photovoltaic and optical
performances of the TPV devices are summarized in Figures 4
and S11 and Table S7−S9. Consistent with the opaque device
results in the literature, the TPV with the CuSCN:PC71BM
blend layer heterojunction shows improved performance than
the planar heterojunction device.23 With PC71BM precursor
concentration of 15 mg/mL, TPV with the blend layer
heterojunction can achieve the AVT of 72.1% and the PCE of
1.05% (Figure 4d), and the thicknesses of CuSCN:PC71BM
bulk heterojunction and PC71BM in the bilayer heterojunction
are 66.4 ± 3.3 and 22.7 ± 1.8 nm, respectively. It is worth
mentioning that, despite the device performances that are
comparable to the TPVs with other light-absorption materials,
such as perovskite, metal halide, and synthesized organic small-
molecule semiconductors,9,10,21,44 the low performance is
challenging to meet practical application requirements. This
is primarily attributed to the inherent contradiction between
active-layer light absorption and light transmission as well as
the impact of high-transparency electrodes on device optical
absorption. Nonetheless, the results indicate again that the
fullerenes are promising candidates for the light-harvesting
materials of efficient TPVs.
In the devices based on CuSCN/C60 and CuSCN:PC71BM

heterojunctions, CuSCN:PC71BM-based devices demonstrate
relatively higher photovoltaic performance. Besides differences
in photon absorption capability, heterojunction electron and
hole mobilities are also conducted (Figure S12). By space
charge-limited current measurements, electron and hole
mobilities for CuSCN/C60 are determined to be 1.14 × 10−5

and 8.32 × 10−6 cm2 V−1 S−1, respectively, whereas
CuSCN:PC71BM exhibits relatively balanced charge carrier
mobilities, with electron and hole mobilities calculated as 3.45
× 10−6 and 3.94 × 10−6 cm2 V−1 S−1, respectively. This further

indicates reduced charge carrier recombination in
CuSCN:PC71BM-based devices, thereby enhancing the photo-
voltaic performance.
As one of the excellent hole transport materials, the hole

transport properties of the CuSCN have already been finely
studied in previous reports.23 When the bottom PEDOT:PSS
layer is removed, the photovoltaic performance and optical
properties of the device are still comparable with those of the
fully structured device (Figures S13 and S14 and Table S10,
S11). Therefore, CuSCN is used not only to construct the
heterojunction with fullerene molecules but also be considered
to work as the hole transport layer in this study.

■ CONCLUSIONS
In summary, we demonstrate a set of fullerene-based
heterojunctions to act as light-absorption materials in TPVs.
Fullerene derivatives not only promote efficient charge
generation and transport but also offer versatile processing
methods and demonstrate excellent chemical stability and cost-
effectiveness. The non-wavelength-selective fullerene-based
heterojunctions can efficiently absorb and convert the light
to electricity while exhibiting a high light transmittance. We
summarized the parameters of reported TPV cells in recent
years with AVT > 50% in Figure S15 and Table S12. The
results show that research on highly transparent TPVs is
increasing dramatically, and the AVT has rapidly enhanced
from ∼ 60% to over 80% in recent years. However, balancing
transparency and efficiency is still challenging in the TPV field,
especially for highly transparent TPVs. This study indicates
that non-wavelength-selective semiconductors can also be
employed to fabricate highly transparent TPVs. The fullerene-
based heterojunction TPVs exhibit performance comparable to
other materials when the AVT exceeds 70%. The high
transparency of TPVs is even comparable with the double-
layer glass, which is broadly used as the window in the
architecture field. While the PCE of highly transparent devices
may not be as satisfactory, this work opens the possibility of
utilizing non-wavelength-selective semiconductors in high-
transparency devices, encouraging powering smart buildings
while meeting the high aesthetic requirements of practical
applications.
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