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Four-terminal tandem solar cells employing a perovskite top cell and crystalline silicon (Si) bottom cell oﬀer a simpler pathway to
surpass the eﬃciency limit of market-leading single-junction silicon solar cells. To obtain cost-eﬀective top cells, it is crucial to
develop transparent conductive electrodes with low parasitic absorption and manufacturing cost. The commonly used indium
tin oxide (ITO) shows some drawbacks, like the increasing prices and high-energy magnetron sputtering process. Transparent
metal electrodes are promising candidates owing to the simple evaporation process, facile process conditions, and high
conductivity, and the cheaper silver (Ag) electrode with lower parasitic absorption than gold may be the better choice. In this
work, eﬃcient semitransparent perovskite solar cells (PSCs) were ﬁrstly developed by adopting the composite cathode of an
ultrathin Ag electrode at its percolation threshold thickness (11 nm), a molybdenum oxide optical coupling layer, and a
bathocuproine interfacial layer. The resulting power conversion eﬃciency (PCE) is 13.38% when the PSC is illuminated from
the ITO side and the PCE is 8.34% from the Ag side, and no obvious current hysteresis can be observed. Furthermore, by
stacking an industrial Si bottom cell (PCE = 14.2%) to build a four-terminal architecture, the overall PCEs of 17.03% (ITO side)
and 11.60% (Ag side) can be obtained, which are 27% and 39% higher, respectively, than those of the perovskite top cell. Also,
the PCE of the tandem cell has exceeded that of the reference Si solar cell by about 20%. This work provides an outlook to
fabricate high-performance solar cells via the cost-eﬀective pathway.

1. Introduction
In recent years, the emerging organic-inorganic hybrid
perovskite material has been regarded as the promising candidate for the next-generation solar cells due to its strong
optical absorption, long diﬀusion length, tunable bandgap,
solution processability, low cost, and so on [1–5]. What is
more striking is that the power conversion eﬃciency (PCE)
of perovskite solar cells (PSCs) has exceeded 22% [6] in
2016 since it ﬁrst emerged in 2009 (PCE = 3.8%) [7].

However, due to the relatively wide bandgap (>1.55 eV), the
photons in the infrared range (>800 nm) cannot be harvested
by the perovskite material. One method to broaden the spectral response range and upgrade the performance of an established perovskite solar cell is to combine the low-bandgap
(1.12 eV) silicon (Si) absorber under the perovskite cell to
make a tandem solar cell. Simultaneously, the Si solar cells
have dominated the photovoltaic markets for a long time,
and the PCE record of the single-junction Si solar cell
has reached 26.6% [8], but the relatively high manufactur-
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ing cost limits their wider applications. In recent years, the
perovskite/Si tandem solar cells [9–24] have attracted
increasing interest as they possess great commercial possibility in fabricating high-performance solar cells via the
cost-eﬀective pathway.
Generally, there exists three types of tandem architectures, the two, three, and four terminals. In the twoterminal architecture, the top solar cell is processed directly
on the bottom solar cell. Since the top and bottom cells are
electrically connected in series, it follows that current generation within both the top and bottom cells must be equal—a
constraint known as current matching [9]. The ﬁrst twoterminal perovskite/Si tandem cell appeared in 2015 and
obtained a relatively low PCE of 13.7% due to the current
mismatch issue and parasitic absorption [11]. By using a heterojunction bottom Si cell and optimized layer thicknesses,
the PCE has been raised to 21.2% in 2016 [12]. After the caesium formamidinium lead halide perovskite was introduced
in 2017, the record PCE further increased to 23.6% and also
obtained good device stability [13]. However, the strict
requirement of current matching constrains the bandgaps
of the top and bottom cells, which limits the design ﬂexibility
and makes eﬃciency improvement more diﬃcult. One
approach is the three-terminal structures, in which two subcells are connected in parallel through a transparent conducting interlayer that acts as a common electrode to the two
subcells [14]. In this structure, each material level must provide the same voltage and we can say that they are voltage
matched, which is less restrictive than the current limitation
of the two-terminal structures [15]. And the theoretical eﬃciency for three-terminal perovskite/Si tandem devices
reaches 35%, showing the potential for the design of eﬃcient
tandem devices [16].
However, the simpler strategy is employing a fourterminal architecture, wherein the top and bottom cells are
electrically isolated from each other and the output power
is extracted separately. This conﬁguration does not require
current (or voltage) matching of the two solar cells and,
hence, enables independent optimization of the solar cell fabrication. For ﬁnal assembly, both solar cells are simply
mechanically stacked [17]. Since the four-terminal architecture requires at least three transparent electrodes, minimizing the parasitic absorption and manufacturing cost for
these electrodes is therefore crucial for the viability of this
tandem conﬁguration [9]. For the four-terminal perovskite/
Si devices assembled by a perovskite top cell and Si bottom
cell, many eﬀorts were dedicated to search for an appropriate
transparent electrode to replace the opaque metal rear contact normally used in PSCs. In most reports [17–26], the
sputtered transparent-conductive-oxide (especially ITO) rear
electrode has been commonly used, and the record overall
eﬃciency of 26.4% has been achieved in the four-terminal
devices with the perovskite top cell using the ITO/Au-ﬁnger
electrode [18]. However, the sputtered ITO without postannealing (>200°C) treatment usually shows the suboptimal
conductivity, and the high kinetic energy of sputtered particles tends to damage the underlying spiro-OMeTAD or
fullerene layers [19]; thus, it is essential to increase the thickness (or add the ﬁnger electrodes) to compensate the resistive
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loss and deposit the buﬀer layer to protect the organic charge
transport layers [18, 20]. Both of them increase the process
complexity and the manufacturing cost.
Transparent silver (Ag) electrodes are promising candidates due to their advantages of simple evaporation process, facile process conditions, high conductivity, and
relatively lower parasitic solar absorption than the gold ﬁlm
[27]. It has been proved in our previous works [28–31] and
other reports [32–34] that the ultrathin Ag ﬁlm with a suited
optical coupling layer could meet the requirements of a
transparent electrode. Our simulations [28] about bifacial
semitransparent PSCs have shown that the maximum possible current density of a device illuminated from the Ag side
rapidly increases with the decreasing Ag thickness, while it
gradually decreases for the reverse illumination direction
from the ITO side. This is due to the fact that the thinner
the thickness, the higher the transmittance for Ag electrodes,
but the conductive requirement limits the Ag thickness to its
percolation threshold. To further improve the Ag transmittance, the strategy of the outer optical coupling layer
[28–32] has been veriﬁed, while the reduced percolation
limit to 6 nm is also possible by including a cooling stage
during a high-rate evaporation of the Ag [35, 36]. In consequence, the semitransparent PSCs using the ultrathin Ag
electrode may be the better top cell for the cost-eﬀective
four-terminal perovskite/Si devices. However, these devices
are rarely reported.
In this work, the semitransparent perovskite solar cells
(PSCs) have been fabricated with the structure of glass/
ITO/PEDOT:PSS/CH3NH3PbI3−xClx/PCBM/BCP/ultrathinAg/MoO3, where an 11 nm Ag ﬁlm with 10 nm MoO3 optical
coupling layer acts as the transparent electrode; the BCP
interlayer is employed to align the energy levels at the
PCBM/Ag interface; and this PSC can be illuminated from
both the ITO and Ag sides. The resulting PSC shows a bifacial performance with a PCE of 13.38% from the ITO side
and 8.34% from the Ag side with negligible current hysteresis. Furthermore, a four-terminal tandem cell was constructed by stacking an industrial low-bandgap Si bottom
cell (PCE = 14.2%) to broaden the spectral response of the
perovskite top cell. The resulting perovskite/Si tandem cell
obtained the overall eﬃciencies of 17.03% (ITO side) and
11.33% (Ag side), and the corresponding PCEs of the perovskite top cell have been increased by 27% and 39%, respectively. Also, the PCE of tandem cell has exceeded that of
the reference Si solar cells by about 20%. This work provides
an outlook to fabricate high-performance solar cells via the
cost-eﬀective pathway.

2. Methods and Materials
The planar structure of the four-terminal device in this work
is shown in Figure 1. For the top cell, the CH3NH3PbI3−xClx
perovskite ﬁlm is employed as the photoactive layer; the
poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)
(PEDOT:PSS) acts as a hole transport layer and the phenylC61-butyric acid methyl ester (PCBM) plays the role of the
electron transport layer; the ITO, the anode, and the Ag ﬁlm
are chosen as the semitransparent top cathode; the
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Figure 1: (a) Schematic diagrams of a perovskite/Si tandem cell illuminated from the ITO and Ag sides. (b) AM1.5G photon ﬂux represents
the spectral range that is eﬀectively harvested by the perovskite top solar cell and the Si bottom cell.

molybdenum oxide (MoO3) optical coupling layer is used to
adjust the transmission and reﬂection of Ag electrode; and
the bathocuproine (BCP) interfacial modifying layer is
inserted to reduce the electron transport barrier at the
PCBM/Ag interface.
2.1. Device Fabrication. The planar heterojunction PSCs are
fabricated as follows. First, the ITO-coated glass substrates
were cleaned with detergent, DI water, acetone, and alcohol
for 15 min. And then they were treated by UV-OZONE for
20 minutes before device fabrication. A layer of PEDOT:PSS
(Clevios P VP Al 4083) was spun coated on an ITO substrate
(around 2 × 2.5 cm2 in size, 10 Ω per square) at 7000 rpm for
40 seconds followed by annealing at 150°C for 15 minutes on
a hot plate. Then, the substrates were transferred into a glove
box ﬁlled with nitrogen. CH3NH3PbI3−xClx perovskite ﬁlms
were deposited by spin coating a solution containing 1.26 M
PbI2 (99.999%, Sigma) and 0.14 M PbCl2 (99.999%, Sigma)
and 1.35 M CH3NH3I (99.8%, Dyesol) in a cosolvent of
DMSO:GBL (3 : 7 vol. ratio, Sigma). The spin coater was
started at a rotation speed of 1000 rpm for 15 seconds and
5000 rpm for another 45 seconds. 350 μl toluene (99.8%,
Sigma-Aldrich) was added quickly at 40 seconds after the
start of the spin coating process. After the spin coating, the
samples were then solvent annealed on the hotplate at
100°C for 20 min to form the perovskite layer with the thickness about 300 nm. In detail, the sample was put on the top of
the hot plate and covered by a glass petri dish. Around 40 μl
of IPA solvent was dripped around the substrates during the
thermal annealing process so that the solvent vapor could
make contact. This solvent annealing process can improve
the ﬁlm crystalline quality, and the mechanism was discussed
in our previous work [37]. Then, the 20 mg/ml chlorobenzene (99.8%, Sigma) solution of PCBM (98%, Nano-C) was
spin-coated at 2000 rpm for 40 seconds. The 10 nm BCP
(0.5 mg/ml in IPA) was coated at 6000 rpm for 40 seconds.
Next, the samples were transferred into a metal evaporation

chamber, and 11 nm thick Ag was deposited under high vacuum (<4 × 10−4 Pa). Finally, the 10 nm thick MoO3 (99.9%,
Aldrich) was evaporated on the Ag electrode. And the fabricated device shows an active area of 7 mm2. The bottom silicon cell with an eﬃciency of 14.2% is provided by the
Huanghe Hydropower Solar Industry Technology Co. Ltd.
2.2. Device Characterization. The photovoltaic performances
of PSCs were measured by using a Keithley 2400 source
meter under the simulated AM 1.5G (1 sun, 100 mW/cm2)
from a sunlight simulator (SaneiElectric, XES-300T1). The
illumination intensity was calibrated by the National Renewable Energy Laboratory (NREL) using a reference Si solar cell.
The incident photo-to-current conversion eﬃciencies
(IPCEs) were measured by the quantum eﬃciency measurement system (SCS10-X150, Zolix Instruments Co. Ltd.) for
all unencapsulated PSCs, and all the measurements were performed under ambient atmosphere at room temperature. A
UV–visible spectrophotometer (PerkinElmer Lambda 950)
was used to characterize the transmittance and reﬂectance
spectra of diﬀerent samples. The ﬁlm morphology was
characterized by a JSM-7800F extreme-resolution analytical
ﬁeld emission scanning electron microscope (SEM). And
the X-ray diﬀraction (XRD) patterns were obtained from an
X-ray diﬀractometer (D8 Advance, Bruker, Germany).

3. Results and Discussions
Figure 1 shows the architecture of four-terminal perovskite/
Si tandem devices, where the CH3NH3PbI3−xClx perovskite
solar cell acts as the top cell and the commercial Si solar
cell serves as the bottom cell, and a broadened spectral
response can be observed from Figure 1(b). To obtain
higher overall PCE for the tandem device, the eﬃcient
semitransparent perovskite top cell was ﬁrst developed.
Here, our top cell adopted the structure of glass/ITO/
PEDOT:PSS/CH3NH3PbI3−xClx/PCBM/BCP/ultrathin-Ag/
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Figure 2: SEM image (a) and XRD patterns (b) of CH3NH3PbI3−xClx perovskite ﬁlms via IPA solvent annealing.

MoO3. In details, an ultrathin Ag ﬁlm of 11 nm is chosen
as the transparent cathode as the percolation threshold of
Ag thickness in our laboratory is 11 nm at which the acceptable transmittance and conductivity can be obtained [38].
To further improve the optical properties of the Ag electrode,
the 10 nm thick MoO3 optical coupling layer is evaporated to
act as the antireﬂector which enhances the transmittance of
the Ag electrode; it could also reﬂect some of the transmitted
light back into the perovskite and improve the light absorption in the top cell. These optical mechanisms have been
proved in our previous calculations and experimental
reports [28]. To enhance the electron collection ability of
the Ag electrode, a low-work-function BCP modifying layer
is inserted between the PCBM and Ag to align the energy
levels and decrease the electron transport barrier at the
PCBM/Ag interface, which has been approved as an eﬀective
way to improve the current density and ﬁll factor of PSCs.
In particular, the introduction of chlorine could retard
the crystallization of perovskite to improve the perovskite
quality and increase the carrier diﬀusion length and the
charge mobility [39]. Combining the isopropyl alcohol
(IPA) solvent annealing process, the SEM image of the resulting CH3NH3PbI3−xClx ﬁlm in Figure 2(a) shows a compact
and smooth surface, increased average grain size, and obviously reduced pin holes. Also in Figure 2(b), the XRD diﬀraction peaks around 14.21°, 28.51°, and 31.88° are assigned to
the (110), (220), and (310) lattice planes, respectively, of the
tetragonal perovskite structure, which indicates the formation of perovskite ﬁlm. The XRD peak at 12.7° is corresponding to the cubic PbI2 [40, 41]; this is a very typical
observation for the incomplete conversion into the photoactive black phase in the mixed perovskite composition.
Based on the high-quality perovskite ﬁlm and four-terminal
architecture, the performance of fabricated devices are discussed as follows.
Due to the bifacial feature of the semitransparent perovskite top cell, its performance should be divided into two

cases according to the diﬀerent illumination directions—the
ITO side and the Ag side (see Figure 1(a)). At ﬁrst, for the
tandem device illuminated from the ITO side, the JV characteristics and photovoltaic parameters can be found in
Figure 3(a) and Table 1. It is clear that the semitransparent
CH3NH3PbI3−xClx top cell achieves a PCE of 13.38%, with
JSC = 18.21 mA/cm2, VOC = 0.98 V, and FF = 0.74, which is
comparable to that of the reference perovskite device with
an opaque Ag (100 nm) electrode. Simultaneously, no obvious current hysteresis has been observed, as the PCE only
displays a small variation from 13.10% to 13.38% for the
opposite voltage sweep directions. This performance is much
better than that of the PSC with only a Ag transparent electrode [28]. While in the tandem architecture, also shown in
Figure 3(a) and Table 1, the bottom Si cell obtains a PCE of
3.65% with JSC = 9.17 mA/cm2, VOC = 0.56 V, and FF = 0.71;
the PCE and JSC of the bottom cell are much lower than those
of the original Si cell (14.2% and 36 mA/cm2, resp.), which
indirectly demonstrates the eﬃcient light absorption in
the perovskite top cell. Then, the overall eﬃciency of this
four-terminal tandem cell reaches 17.03%, which is 27%
higher than that of the top cell and 20% higher than that
of the original Si solar cell. Therefore, the mechanically
stacked perovskite/Si tandem cell provides a simple and
feasible way to further improve the PCE of both perovskite
and Si solar cells. On the other hand, the perovskite top cell
illuminated from the Ag side obtained a PCE of 8.34% with
JSC = 12.0 mA/cm2, VOC = 0.94 V, and FF = 0.74, and the
PCE only displays a small variation from 8.07% to 8.34%
for the opposite voltage sweep directions. While in the tandem architecture, the Si bottom cell achieves a PCE of
3.26% (see Figure 3(b) and Table 1); thus, the overall eﬃciency of the tandem cell here is 11.60%, which is 39% higher
than that of the perovskite top cell.
It is suggested that the obviously improved eﬃciency
for the perovskite/Si tandem cell comes from the broadened spectral response range and increased photovoltaic
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Figure 3: JV characteristics of the perovskite top cell and Si bottom cell illuminated from (a) the ITO side and (b) the Ag ﬁlm side using
reverse (1.1 V to −0.2 V) and forward (−0.2 V to 1.1 V) scan measurement. (c) JV characteristics of reference opaque perovskite and Si
solar cells.

conversion in the infrared region. To conﬁrm this suggestion, the wavelength-dependent IPCE curves of the perovskite top cell, Si bottom cell, and original Si solar cell are
displayed in Figure 4(a). It is clear that the perovskite
top cell mainly responds to the visible region from 300
to 800 nm, the maximum IPCE of about 77% at 580 nm
is obtained, and the integrated JSC of 18.02 mA/cm2 is very
close to the measured JSC in the JV characteristic. Then,
the reference silicon solar cell shows the eﬃcient photovoltaic conversion in the wavelength range from 300 to
1100 nm and stable IPCE maxima in a wide spectral range,
and the integrated JSC is as high as 35.6 mA/cm2. While in

the tandem device, the Si bottom cell mainly responds to
the spectra range from 500 to 1100 nm, which is well consistent with the optical transmittance of the perovskite top
cell shown in Figure 4(b). At the same time, the low
reﬂection at relatively short wavelengths corresponds to
the eﬃcient light harvest in the perovskite top cell, and
the higher reﬂection at long wavelengths is partly responsible for the decreased performance for the Si bottom cell.
It should be noted that there is still room for performance
improvement of the semitransparent perovskite top cell,
and even at the limit eﬃciency, the simple four-terminal
perovskite/Si tandem architecture can still be used to
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Table 1: Photovoltaic parameters of the perovskite top cell and Si bottom cell, with reference to opaque perovskite and Si solar cells. The
overall eﬃciency is the sum of PCE for the corresponding top and bottom cells.
Photovoltaic parameters
Four-terminal perovskite/silicon tandem solar cell
Reverse
Perovskite top cell
ITO side
Forward
Si bottom cell
a.u.
Overall PCE
Reverse
Perovskite top cell
Ag side
Forward
Si bottom cell
a.u.
Overall PCE

JSC (mA/cm2)

VOC (V)

FF

PCE (%)

18.21
17.60
9.17

0.98
0.99
0.56

0.74
0.75
0.71

12.0
11.8
8.29

0.94
0.94
0.55

0.74
0.73
0.72

13.38
13.10
3.65
17.03/16.75
8.34
8.07
3.26
11.60/11.33

20.60
20.6
36

0.99
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0.59

0.79
0.78
0.67
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Figure 4: (a) IPCE curves for the perovskite top cell, Si bottom cell, and reference Si solar cell, and the integrated JSC from IPCEs are 18.02,
9.12, and 36.00 mA/cm2, respectively. (b) Transmittance and reﬂectance of the semitransparent perovskite top cell.

enhance the photovoltaic conversion. Thus, in the future
works, not only the perovskite top cell but also the tandem
architecture should be further investigated and designed to
pursue the maximum overall eﬃciency for the perovskite/
Si tandem cells.

4. Conclusions
In summary, the eﬃcient semitransparent CH3NH3PbI3−xClx
perovskite solar cell using a Ag transparent electrode was
realized by employing the MoO3 optical coupling layer and
BCP interfacial layer. The resulting PCE is 13.38% when
the PSC is illuminated from the ITO side and the PCE of
8.34% from the Ag side, and no obvious current hysteresis

can be observed. Furthermore, by stacking a Si bottom cell
under the perovskite top cell to form a four-terminal perovskite/Si tandem architecture, the spectral response range
has been broadened, and the overall PCEs of 17.03% (ITO
side) and 11.60% (Ag side) can be obtained, which are 27%
and 39% higher, respectively, than those of the perovskite
top cell. Also, the PCE of the tandem cell has exceeded that
of the reference Si solar cells by about 20%. Therefore, this
work provides a simple and cost-eﬀective pathway to fabricate high-performance solar cells.
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