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Abstract Si-based solar cells, which have the advantages
of high efficiency, low manufacturing costs, and out-
standing stability, are dominant in the photovoltaic market.
Currently, state-of-the-art Si-based solar cells are
approaching the practical limit of efficiency. Constructing
Si-based tandem solar cells is one available pathway to
break the theoretical efficiency limit of single-junction
silicon solar cells. Various top cells have been explored
recently in the construction of Si-based tandem devices.
Nevertheless, many challenges still stand in the way of
extensive commercial application of Si-based tandem solar
cells. Herein, we summarize the recent progress of
representative Si-based tandem solar cells with different
top cells, such as III-V solar cells, wide-bandgap
perovskite solar cells, cadmium telluride (CdTe)-related
solar cells, Cu(In,Ga)(Se,S), (CIGS)-related solar cells,
and amorphous silicon (a-Si) solar cells, and we analyze
the main bottlenecks for their next steps of development.
Subsequently, we suggest several potential candidate top
cells for Si-based tandem devices, such as Sb,S;, Se, CdSe,
and Cu,O. These materials have great potential for the
development of high-performance and low-cost Si-based
tandem solar cells in the future.

Keywords photovoltaic market, Si-based solar cell,
efficiency limit, tandem, top cell

1 Introduction

As global environmental pollution and the energy crisis are
increasing, renewable energy sources are playing a more
important role in people’s daily lives. Solar cells, which
convert solar energy into electricity directly without extra
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pollution, have attracted extensive attention over the years.
The photovoltaic market has developed rapidly with
exponentially grown installed capacity. As shown in
Fig. 1(a), the global cumulative installed capacity was
only 173 MWp in 1996 but reached 392 GWp in 2017 with
a > 40% compound annual growth rate [1]. Notably, in the
past few years, crystalline Si (c-Si) technology, including
monocrystalline Si (mono-Si) and multicrystalline
Si (multi-Si), has dominated the photovoltaic market
with >90% of global annual production, and this has
resulted in a gradual increasing market share [2]. In
contrast, thin-film technologies, such as cadmium telluride
(CdTe) and Cu(In,Ga)(Se,S), (CIGS), possess only 5% of
global annual production with 4.5 GWp of installed
capacity in 2017 [2]. Until the fourth quarter of 2017, the
estimated cumulative production of c-Si photovoltaic
modules was ~405 GWp, which is much larger than
~33 GWp for thin-film photovoltaic modules (Fig. 1(b))
[2]. Additionally, owing to the optimization of the
fabrication process, the module price of c-Si declined
from ~4.5 EUR/Wp in 2006 to ~0.36 EUR/Wp in 2017,
which was even lower than that of the thin-film
photovoltaic module (~0.44 EUR/Wp) [2]. Remarkably,
the photovoltaic module prices of both ¢-Si and thin-film
technologies will drop off as their cumulative production
continuously increase [2,6]. Apparently, in the near future,
c-Si solar cells will still be the dominant portion of the
photovoltaic market.

As shown in Fig. 1(c), as of now, the best mono-Si solar
cell and module prepared in the laboratory have achieved
26.7% and 24.4% power conversion efficiencies (PCEs),
respectively, which are very close to the practical
efficiency limit of 29.4% for single-junction crystalline
silicon solar cells [3,7,8]. Meanwhile, multi-Si solar cells
reached a record efficiency of 23.2%, and its module
efficiency exceeded 20% in 2019 [7]. However, in the past
20 years, the record efficiency of c-Si solar cells only
increased by 3% [4]. Long progress plateaus have shown
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the difficulties related to further improvement of the c-Si
solar cells efficiency.

One feasible way to surpass the Shockley—Queisser
efficiency limit is to develop tandem solar cells. By
stacking several solar cells with different bandgaps,
tandem solar cells can alleviate the energy losses that
result from carrier thermalization [9]. Typically, in a two-
junction tandem solar cell, there is a “top cell” with a large
bandgap that mainly absorbs the short-wavelength photons
and a “bottom cell” with a small bandgap to absorb long-
wavelength photons. This type of structure can facilitate
the utilization of the solar spectrum and produce a higher
efficiency compared with single-junction solar cells. As
shown in Fig. 1(d), the theoretical efficiency limit of the
four-terminal two-junction tandem solar cell can reach
more than 46%, when the bandgaps of the bottom and top
cells are 0.94 and 1.73 eV, respectively [10]. Si has a
suitable bandgap of 1.12 eV; thus, Si-based tandem solar
cells can achieve a theoretical 45% efficiency in conjunc-
tion with a top cell that has a bandgap of ~1.7 eV [10].

100
S ]
S 80 s
= 2
2 g
£ 60 3
5 | 3
: s
g 40 z
& 8
=« :
=} =
S 20 =
27 £
Q
of
1996 2000 2004 2008 2012 2016
year
(@

35F Shockley—Q‘ueisser‘ limit: 333%

practical lirﬁit: 29.4%

efficiency/%
b4

1 ‘ ‘ ' —o— multi-Si

1985 1990 1995 2000 2005 2010 2015 2020
year

(©)

Moreover, c-Si solar cells have the advantages of low
manufacturing costs, high device performances, and
outstanding stability, making them ideal bottom-cell
candidates for two-junction tandem solar cells [11]. The
large potential for developing high-efficiency and low-cost
Si-based tandem solar cells has attracted many researchers.
In fact, various materials, such as III-V semiconductors,
wide-bandgap perovskites, and II-VI compounds, have
been explored to construct Si-based tandem solar cells in
the past few years [8,11].

This review presents the recent developments related to
Si-based tandem solar cells and introduces some potential
candidates for the top cell. First, we briefly review the past
and current situation of the photovoltaic market and discuss
the future developing direction of Si-based solar cells.
Then, the developments related to typical Si-based tandem
solar cells are summarized, and the main hindrances for
their commercialization are emphasized. Finally, we high-
light some potential candidates that are suitable for
constructing a tandem device with c-Si solar cells.
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Fig. 1 (a) Evolution of global cumulative installed capacity and percentage of global annual production of three major photovoltaic
technologies: thin-film, multi-Si, and mono-Si. Adapted from Refs. [1,2]. (b) Photovoltaic module price evolution versus cumulative
production. Adapted from Ref. [2]. (c) Record efficiencies of c-Si solar cells and their theoretical efficiency limits [3—5]. (d) Theoretical
efficiency limit of four-terminal tandem solar cells as a function of the bandgaps of top and bottom cells based on the Shockley—Queisser

limit
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2 Si-based tandem solar cells

Thus far, different types of Si-based tandem solar cells
have been explored, but they are still far away from
widespread commercial application because of the limit of
the top cells. An efficient top cell is crucial for improving
the PCE of the total system. Assuming a c-Si bottom cell
with 25% efficiency and a top cell with an optimum
bandgap of 1.7 eV, 13% efficiency is required for the top
cell to compensate for the power lost from the c-Si bottom
cell, while an 18% efficient top cell would yield a tandem
efficiency of 30% [12]. Moreover, the manufacturing costs
and stability of the top cell should also be taken into
account. In this section, we discuss the most common
ideas, which can be divided into groups based on the top
cell material, and we discuss the main challenges for their
future development.

2.1 1II-V semiconductors as top cell

III-V semiconductors represent an important class of high-
efficiency solar cells. Most have a direct bandgap with a
large absorption coefficient, high mobility, and excellent
anti-irradiation properties [11]. As a representative, GaAs-
based single-junction solar cells have achieved 29.1%
PCE, which is the highest value among all single-junction
solar cells created thus far [7,13]. Despite their outstanding
solar-to-electricity performance, ITI-V solar cells are not
welcome in the terrestrial photovoltaic market because of
the high manufacturing cost; thus, they are usually adopted
for space applications or concentrated photovoltaic
systems [11]. For tandem photovoltaic devices, six-
junction III-V tandem solar cells have also obtained a
high efficiency of 39.2% under AM 1.5G illumination
[14]. In the case of Si-based tandem solar cells, III-V
semiconductors still hold the record efficiency of 32.8%
for two-junction devices and 35.9% for three-junction
devices [7,15]. Though researchers have selected a low-
cost mechanical stacking solution to prepare tandem solar
cells, the estimated fabrication costs were still much higher
than commercial c-Si solar cells with the same production
volumes [15]. Thus, high material and fabrication costs
still hinder the commercial application of III-V/Si tandem
solar cells.

2.2 Wide-bandgap perovskites as top cell

Perovskites generally refer to a family of materials with a
crystal structure of ABX3, which originates from CaTiO3
[16]. Organic—inorganic hybrid perovskite solar cells
developed rapidly in recent years and have attracted
extensive attention. The highest efficiency of single-
junction perovskite solar cells has reached 25.2% based
on the (FAPbI)( 95s(MAPbBr3) 5 absorber, and it is close
to the record efficiency of single-crystalline Si solar cells
(26.7%) [4,7,17]. It has been reported that the bandgap of

perovskite could be tuned from 1.2 to 2.3 eV by controlling
the composition, such as methylammonium (MA), cesium
(Cs), and formamidinium (FA) at the A site; lead (Pb) and
tin (Sn) at the B site; and iodine (I) and bromine (Br) at the
X site [16,18]. With their advantages of a tunable bandgap,
low-temperature fabrication process, strong light absorp-
tion, excellent device performance, and low manufacturing
costs, wide-bandgap perovskites are widely expected to be
suitable top cells for pairing with c-Si in tandem. We list
several reported perovskite/Si tandems with a>25%
certified PCE in Table 1. Moreover, in 2020, the Helmholtz
Center for Materials and Energy (HZB) declared that they
obtained a certified PCE of 29.1% for perovskite/Si tandem
solar cells; however, they have not disclosed their device
structure or detailed parameters yet [4]. Similarly, the
concrete structure of the 28%-efficient device is unknown
as well [7]. Remnant high-efficiency perovskite/Si solar
cells are mainly a two-terminal structure that have a
monolithic design, which could benefit from the mild
preparation process of perovskites. Within only 5 years of
development, the device efficiency of perovskite/Si
tandem solar cells has broken a number of world records,
and seemingly, its upward trend is still far from saturation
[4,32]. Notably, the stability of the perovskite top cell is
one severe bottleneck for its commercial application, and
the toxicity of its inclusive heavy metal could result in
problems [33]. Although some investigations have sug-
gested that the stability could be improved by introducing
formamidinium (FA) or cesium (Cs) and optimizing the
device interfaces, perovskites are still not eligible for
practical application [18,33].

2.3 CdTe and II-VI alloys as top cell

CdTe, which has an appropriate direct bandgap of 1.49 eV
for single-junction solar cells, has achieved a world-record
efficiency of 22.1%, which is close to multi-Si’s record of
23.2% [4,34]. CdTe is the most successful commercial
thin-film technology in the photovoltaic market, and
impressively, the CdTe photovoltaic module has reached
19.0% efficiency [7,35]. Long-term commercial applica-
tion indicates its operational stability and competitive cost
advantage [7]. Although the bandgap of CdTe is not as
compatible with Si-based tandem solar cells, it can be
adjusted to an expanded range by alloying with Zn, Mg,
and Se [36]. However, currently, only CdZnTe with its
1.78-eV bandgap has been integrated on c-Si and
constructed as a two-terminal tandem solar cell with a
16.8% PCE (Table 1) [27]. A low device performance
mainly resulted from the unoptimized tunnel junction and
the low-efficiency c-Si bottom cell [27,28]. To date, single-
crystal CdZnTe and CdMgTe solar cells with a bandgap of
~1.7 eV have demonstrated 16.4% and 11.2% device
efficiencies, respectively [27,28,37]. Nevertheless, poly-
crystalline CdZnTe and CdMgTe thin-film solar cells
have shown much lower performance owing to alloy
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degradation during CdCl, passivation [38]. Developing a
more practicable passivation method could result in high-
efficiency CdZnTe and CdMgTe thin-film solar cells, thus
decreasing the manufacturing costs of Si-based tandem
devices.

2.4 CIGS-related compounds as top cell

As another successfully commercialized thin-film technol-
ogy, CIGS photovoltaic devices have been widely
investigated in recent decades. As of now, the champion
CIGS thin-film solar cell and module have achieved
23.35% and 19.2% efficiencies on Cd-free buffer layers,
respectively [7,39]. The CIGS photovoltaic modules have
exhibited decent stability, and it has been reported that the
degradation rate of CIGS modules is slightly higher than
CdTe and c-Si solar cells [40]. Similar to CdTe alloys, the
bandgap of CIGS can be tuned from 1 to 2.5 eV by
controlling the contents of In, Ga, and S [36]. However, the
highest efficiency of CIGS/c-Si tandem solar cells
achieved to date was only 9.7% using CuGaSe, as the
top cell with its ~1.7 eV bandgap [30]. The low device
performance mainly resulted from the low efficiency of the
CuGaSe; top cell [30]. Some researchers have explored
perovskite/CIGS tandem devices and increased the device
efficiency to 23.3%; other researchers have explore all-
CIGS tandems, but these resulted in low device perfor-
mances (< 10%) [7,36,41]. Overall, a high-efficiency
wide-bandgap CIGS top cell is necessary for developing
CIGS/c-Si tandem solar cells. Whereas the record
efficiency of CuGaSe, is 11.11%, a pure sulfide Cu(In,
Ga)S, solar cell has reached 15.5%, but its bandgap is
merely ~1.57 eV [42,43]. Another key problem to be
solved is the high-temperature treatment during the CIGS
preparation process, which could deteriorate the device
performance of the c-Si bottom cell [44]. Otherwise, a
four-terminal structure is more feasible to construct CIGS/
c-Si tandem solar cells.

2.5 A-Si as top cell

Amorphous silicon (a-Si) is a theoretically promising top
cell material owing to its suitable bandgap of ~1.7 eV when
it is stacked with c-Si to made a tandem solar cell [45].
However, only a few studies have focused on a-Si/c-Si
tandem devices [31,46,47]. To date, the highest efficiencies
of a-Si/c-Si tandem solar cells have been 16.8% for a four-
terminal device and 15.04% for a two-terminal device in
1990 [31]. No progress has been made over the next
several decades. The main reason can be attributed to the
low PCE of a-Si solar cells. Although a a-Si photovoltaic
device has been developed since the 1970s, its record
efficiency of 10.2% is still much lower than other
mainstream solar cells, such as multi-Si, mono-Si, and
CdTe solar cells [7,45]. The current device performance of
the a-Si solar cell is lower than the requirement for the top
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cell of Si-based tandems to compensate for the efficiency
loss [12]. Unfortunately, it has been reported that the
practical limit of the a-Si solar cell is only 16% compared
with its Shockley—Queisser limit of 25% because of the
existence of band tail states [48—50]. Moreover, the a-Si
solar cell still suffers from light-induced degradation,
which further limits its application under long-term
illumination in outdoor environments.

3 Potential candidates as top cell for
Si-based tandems

Many challenges still stand in the way to commercializing
Si-based tandem solar cells, although the search for more
compatible materials has not stopped. Herein, we list
several major preconditions for potential candidates, and a
detailed screening strategy is illustrated in Fig. 2. First, the
bandgap of the top cell must ensure a high theoretical
efficiency. As shown in Fig. 1(d), considering mechani-
cally stacked four-terminal two-junction Si-based tandem:s,
a top cell with a bandgap ranging from 1.6 to 2.1 eV could
yield a =44% efficiency. Second, the top cell must be
stable enough to meet the application requirements of c-Si
solar cells. As of now, the most recent photovoltaics, such
as organic, dye-sensitized, and perovskite solar cells, still
suffer from low stability in outdoor environments, which is
the biggest obstacle for their commercial application
[51,52]. In contrast, inorganic thin-film solar cells, such
as CdTe and CIGS solar cells, have demonstrated a
statistically approximate degradation rate compared with
c-Si solar cells [40]. Indeed, most inorganic planar thin-
film solar cells have the advantage of a good stability,
which provides the potential for developing Si-based
tandems. Third, the manufacturing costs should be low
enough to enable commercializing application. Earth-
abundant raw materials and low requirements for facilities
are beneficial for reducing costs. Additionally, the state-of-
the-art PCE of the candidates also have a big influence on
their development prospects. As summarized in Table 2,

screening of potential candidates

stability filter

cost filter

performance filter

potential candidates:
Sb,S;, Se, CdSe, Cu,O

Fig. 2 Schematic of the screening process for potential
candidates for the development of Si-based tandem solar cells
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we propose several potential candidate solar cells that meet
the aforementioned requirements. All are typical wide-
bandgap inorganic thin-film solar cells with over 5% PCE.

Antimony sulfide (Sb,S;) is an emerging inorganic
photovoltaic material with a one-dimensional crystal
structure, and it has an indirect bandgap of ~1.7 eV
[44,59]. Both Sb and S are earth-abundant elements,
making Sb,S; free from the problem of supply shortages of
raw materials [60]. Previously, Sb,S; was mainly devel-
oped for sensitized solar cells and has achieved a record
PCE of 7.5% [53]. Recently, more studies have focused on
planar thin-film Sb,S; solar cells. Several research groups
have increased their PCEs to > 6% within the last few
years [61,62]. The large open-circuit voltage (Voc) deficit
(~1 V) is the main obstacle for obtaining high-efficiency
Sb,S; solar cells [44]. Some simulations have implied that
the high interfacial defect density and poor carrier
transportation drastically limit the device performance of
Sb,S;-based photovoltaics; thus, the present efficiency can
be improved by controlling the orientation of Sb,S; films
[44,63—66]. Moreover, in 2020, Zhang et al. demonstrated
a proof-of-concept four-terminal tandem device with a
7.93% efficiency using Sb,Ses and Sb, S5 solar cells as the
bottom and top subcells [67]. This attempt implied that
Sb,S; has the potential for application in tandem solar
cells. Overall, the matched bandgap, earth-abundant raw
material, and benign synthesis conditions give Sb,S;
considerable potential to be used as the top cell of Si-based
two-junction tandem solar cells.

Selenium (Se), the oldest photovoltaic absorber, has the
advantages of a ~1.95 eV direct bandgap, low-cost, non-
toxicity, and low synthesis temperature, and it has potential
in the development of tandem solar cells [54,68]. In 2017,
research demonstrated a record efficiency of 6.5% on
ultrathin Se solar cells and pathways toward a higher
device performance [54]. It was proposed that reducing the
cliff at the interface by optimizing the buffer layer,
increasing the carrier lifetime of the Se film, and alleviating
optical loss could further increase the device performance
[54]. Additionally, it was reported that the bandgap of Se
could be tuned to a small value by alloying with tellurium
(Te), thus provided a better match with the c-Si bottom cell
[69]. Therefore, Se solar cells have exhibited compatibility
with most bottom cells in tandem devices but still require
further improvements in terms of device performance.

Cadmium selenide (CdSe) has an appropriate bandgap
of ~1.7 eV and a high absorption coefficient in the visible

light region [70]. In 1982, Rickus achieved over 6%
efficiency for CdSe thin-film solar cells using a vacuum
evaporation method [55]. However, over the next several
decades, only a few studies concentrated on CdSe thin-film
solar cells, and no efficiency improvement has been
reported [71-73]. Otherwise, owing to its excellent
semiconductor properties, CdSe has been widely devel-
oped in other fields, such as in photoelectrochemical solar
cell sand colloidal quantum dots [74,75]. The device
performance of CdSe thin-film solar cells could be
enhanced to a higher degree upon further optimization.
Notably, the toxicity of the heavy metal, Cd, could restrict
the application of CdSe solar cells in the future because of
the potential environmental impact.

Cuprous oxide (Cu,0) is one of the oldest discovered
semiconductor materials, and it has a wide bandgap of ~2.1
eV [36]. Preventing the formation of a Cu or CuO phase
when preparing Cu,O solar cells is essential to obtaining
pure-phase Cu,O [76]. High-quality Cu,O can be prepared
by thermally oxidizing Cu sheets, and based on this
method, Minami et al. obtained a 8.1% PCE in Cu,O-
based heterojunction solar cells in 2016, which is
impressive in contrast to its ~20% Shockley—Queisser
limit efficiency [49,50,56]. Further efficiency improve-
ment relies on applying a surface treatment to decrease
leakage current and constructing an n-i-p device [56].
Additionally, a low-temperature process of atomic layer
deposition was also developed to fabricate Cu,O solar
cells, and this achieved a certified 3.97% PCE with a
remarkable 1.2 V Vo [57,77-79]. The low PCE mainly
resulted from the low short-circuit current density (Jsc)
and fill factor (FF) caused by inefficient photo-generated
carrier collection [77]. Overall, Cu,O still has the potential
for use in the development of monolithic integrated Si-
based tandem solar cells.

4 Conclusions

As the dominant part of the current photovoltaic market, c-
Si solar cells are approaching their practical limit.
Constructing tandem solar cells with a wide-bandgap
material as a top cell is a feasible way to exceed this
practical limit. Although various types of top cells have
been investigated, there is still a long way toward
commercial application. I1I-V/Si tandem solar cells exhibit
notable high efficiency and stability but have drawbacks of

Table 2 List of potential candidates for use in Si-based tandem solar cells

material Ey/eV PCE/% Voc/V Jsc/(mA-cm ?) FF/% description

Sb,S3 1.7 7.5 0.711 16.1 65.0 chemical bath deposition [53]
Se 1.95 6.51 0.969 10.6 63.4 thermal evaporation [54]
CdSe 1.72 ~6 0.65 18 50 vacuum evaporation [55]
Cu,O 2.1 8.1 1.2 10.4 65 Cu sheet oxidization [56-58]
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a high manufacturing cost. Perovskites/Si tandems devel-
oped very rapidly and achieved approximately 30%
efficiency, but perovskites still suffer from their low stability
in outdoor environments. CdZnTe/Si, CuGaSe,/Si, and
a-Si/Si tandem solar cells have not exceeded the record
efficiency of single-junction mono-Si solar cells thus far,
and the low performance of the top cell compared with II-
V and wide-bandgap perovskites is the key problem that
needs to be resolved. Therefore, we propose four potential
candidates for developing Si-based tandem solar cells
including Sb,S;, Se, CdSe, and Cu,O. They have an
appropriate bandgap to enable a high theoretical efficiency,
decent stability to meet the requirements of the Si-based
bottom cell, earth-abundant raw materials to reduce costs,
and > 5% state-of-the-art device performance to ensure
development prospects. Notably, the most important goal
is to increase the device performance to a new level, which
can make it more applicable for configuring tandem
devices with Si-based solar cells.
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