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Two-Terminal Perovskite-Based Tandem Solar Cells

for Energy Conversion and Storage

Tian-Tian Li, Yuan-Bo Yang, Guo-Ran Li, Peng Chen,* and Xue-Ping Gao*

The organic—inorganic hybrid perovskite solar cells present a rapid improve-

ment on power conversion efficiency from 3.8% to 25.5% in the past decades.

Owing to the tuneable bandgaps, low-cost, and ease of fabrication, perov-
skites become ideal candidate materials for fabricating tandem solar cells,
especially for efficient and high-voltage monolithic two-terminal devices. In
this review, an overview of recent advances in various monolithic perovskite-
based tandem solar cells with a focus on the key challenges is provided.
Subsequently, the recombination layer materials, construction of wide-
bandgap perovskite layer, stability of narrow-bandgap, and current matching
principle in tandems are highlighted in order to optimize the output voltage
and conversion efficiency of tandem solar cells. Finally, the recent progress is
summarized with a focus on potential applications of tandem solar cells for
energy conversion and storage, including hydrogen production by water split-
ting, CO, reduction, supercapacitors, and rechargeable batteries, benefiting
from the adjustable output voltage of tandem solar cells. It is hoped that this
work can offer a feasible strategy to explore more possibilities for fabricating
new two-terminal tandem solar cells with high voltage and high conversion

Nowadays, the power conversion effi-
ciency (PCE) of single-junction solar cells
is almost approaching the theoretical
ceiling of 31-33% according to Shockley—
Queisser (S-Q) single-junction efficiency
limitation.) However, the output voltage
of the most efficient single-junction solar
cells such as GaAs is about 1V, which is
insufficient for practical application to
subsequently drive energy storage/utiliza-
tion devices. Fortunately, by connecting
multiple absorber layers to fabricate the
tandem solar cells, the output voltage
could be significantly increased as well as
the PCE. According to S-Q analysis, the
theoretical efficiencies of two-junction and
three-junction solar cells could be as high
as 42% and 49%, respectively.’l Impor-
tantly, the output voltage of the tandem
solar cells would be nearly doubled or
tripled correspondingly. As an example,

efficiency for energy conversion and storage.

1. Introduction

With the development of human society and enhanced living
standard, the meagre energy reserves of fossil fuels can hardly
achieve long-term sustainability. Correspondingly, the resulting
environmental pollution by fossil fuels is also nonnegligible
issue. It is thus critical to develop new technologies of utilizing
ever-lasting and clean energy sources like solar irradiation.
Solar energy is so enormous that 0.1% of the solar irradia-
tion reaches the earth can cover the consumption of human
society.!!l Meanwhile, the electrical energy is the foundation of
modern industries and daily life. Therefore, advanced photo-
voltaics technologies are highly important for efficiently con-
verting solar energy to electrical energy.
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the open-circuit voltage (Voc) of single

line silicon solar cells is only about 0.6 V,

which could be increased up to 1.21 V by
stacking CdSe on the top of silicon.! Recently, with the rapid
development of high-voltage perovskite solar cells (PSCs), the
Voc of the tandem solar cells is remarkably improved. Typi-
cally, the highest V¢ can reach up to 2.3 V for two-junction
tandem solar cells, consisting of two CH;NH;PbI; (MAPbI;)
subcells.’! Though higher voltage could be achieved by adding
more junctions, such as 3.21 V in three-junction tandem cells,
4.227 V for four-junction tandem cells,”! 4.40 V for five-junction
tandem cells,®l and calculated 5.15 V for six-junction tandem
cells,”! yet the cost and technological requirements would
increase exponentially. It is noted that although solar mod-
ules with simple serial connected design can also provide high
voltage, the light management is still the same as single-junc-
tion cells, which could never beyond S-Q limitation. Tandem
solar cells could provide a possibility for breaking physical limi-
tation of traditional single-junction solar cells. Besides, tandem
solar cells could also be basic unit for solar modules to obtain
higher efficiency.

As shown in Figure 1, tandem solar cells could deliver high
PCE and V¢ by segmented light adsorption. The PCE of solar
cells is determined mainly by two processes: light absorption
and carriers separation/collection. Usually, short-circuit cur-
rent density (Jsc) would be lower than theory limit because of
incomplete light absorption and sluggish collection of gener-
ated carriers, whereas a reduced Voc or fill factor (FF) reflects
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Figure 1. Schematic diagram of tandem solar cells achieving high output
voltage and efficiency by segmented light adsorption.

carriers recombination process within bulk or on the interface.
Tandem cells could effectively broaden the light absorption
range by involving more subcells. Each subcell would convert
a certain range of solar spectrum, which is beneficial to fully
adsorption of solar spectrum, as well as the increase of output
voltage by several-folds. However, owing to the high cost, two-
junction tandem solar cells are the most feasible photovoltaics
technologies from a practical perspective, and researchers are
devoted mainly to improve the efficiency and voltage of this
type of solar cells. In this review, we will focus on two-junction
tandems and keeping an open mind on promising applications
of multiple junction tandem solar cells.

There are two types of two-junction tandem solar cells
based on the architectures: mechanically stacked four-terminal
(4T) tandem configurations, and integrated two-terminal (2T)
tandem configurations. 4T tandem devices, with two individual
solar cells connected by external wires, are not preferred due
to the extra energy losses from substrates, transparent conduc-
tive oxides (TCO), and interconnect layers. As a comparison,
2T tandem devices are fabricated layer-by-layer in a single inte-
grated structure by two subcells, and thus this structure enables
less energy losses in theory. Herein, more accurate optical and
electrical matching should be optimized in 2T structure, aiming
at entire absorption of solar spectrum and identical current
matching between the subcells. In particular, an interlayer with
low electrical and optical losses is required to facilitate the flow of
photogenerated carriers between the two subcells, which in turn
retards the development of 2T devices. Fortunately, owing to fur-
ther improved technologies on optimal bandgap configurations!'‘!
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and transparent buffer layers,!l 2T tandem cells could realize
high efficiency and unprecedented high voltage, especially when
combined with advanced high-voltage PSCs.

PSC is a rising star of solar cells, which is attributed to the
rocketing PCE from 3.8%[1 to 25.5%,3] and the V reaching
up to 1.2 V, making PSCs extremely attractive. As the most
typical perovskite component, MAPbI; has a suitable bandgap
of 1.55 eV, which not only enables full absorption for the vis-
ible solar spectrum, but covers a broad spectral range extending
to the near-infrared region up to 800 nm.") Along with excel-
lent optical properties, PSCs own high absorption coefficient
(=105 cm™),™ long ambipolar diffusion length exceeding 1 pum,
and high charge carrier mobility (24£7 cm? V' s7! for electrons
and 105 + 5 cm? V' 57! for holes!'®), leading to efficient charge
extraction. Moreover, the substitution of structure elements
allows widely tunable bandgaps between 1.17 and 3.10 eV.[421]
For example, perovskite materials have the general formula
of ABX;, in which A, B, and X represent monovalent cations
(CH3NH;* (MA*), HC(NH,)," (FA"), and Cs*), divalent cations
(Pb?* and Sn?*), and monovalent halide anions (I~, Br~, and Cl"),
respectively. The bandgap of perovskite materials can be tuned
by altering elements on A, B, and X sites to achieve various
light absorption ranges, thus balancing the PCE and V¢. Such
tunable bandgap range and high efficiency makes perovskite
material suitable as both the top and bottom cell in one unit of
tandem solar cells, resulting in improved PCE and Vq for 2T
tandem devices. Consequently, PCE and V¢ of 2T tandem cells
are significantly boosted by pairing PSCs with narrow-bandgap
silicon (Si), copper indium gallium selenide (CIGS), or organic
photovoltaic (OPV) bottom cells or directly using two comple-
mentary bandgap perovskite absorbers. Figure 2 shows the effi-
ciency evolution of four types of 2T perovskite-based tandem
solar cells (2T-PBTSCs) including 2T perovskite/perovskite
tandem solar cells (2T-PSC/PSC), 2T perovskite/silicon tandem
solar cells (2T-PSC/Si), 2T perovskite/CIGS tandem solar cells
(2T-PSC/CIGS), and 2T perovskite/organic tandem solar cells
(2T-PSC/OPV).

In this review, recent advances in the field of 2T-PBTSCs
are summarized, with a focus on the bandgap matching and
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Figure 2. PCE evolution of tandem solar cells involving PSCs:2T-PSC/
PSC, 2T-PSC/Si, 2T-PSC/OPV, and 2T-PSC/CIGS tandem solar cells.
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Figure 3. a) PCE and b) V¢ evolution of 2T-PSC/PSC, 2T-PSC/Si, 2T-PSC/OPV, and 2T-PSC/CIGS.

charge recombination layer (CRL). Particularly, the output
voltage development of 2T tandem cells is discussed in order
to fulfill the requirement of energy conversion and storage.
Finally, some potential applications of 2T-PBTSCs are presented
by referencing the integration of single-junction solar cells with
energy storage/utilization devices. It is believed that 2T tandem
architectures are still the most desirable and challenging con-
figuration, which satisfy perfectly the high voltage for practical
demands and relatively acceptable cost. In addition, the inte-
grated systems with various energy storage/utilization devices
facilitate fundamentally the utilization of clean energy.

2. 2T-PBTSCs

The single-junction PSCs have achieved tremendous develop-
ment in recent years, thus driving 2T-PBTSCs for compara-
tive ideal performance. With tunable bandgap, the perovskite
absorber can act as active material in both top subcell and
bottom subcell to construct 2T tandem solar cells.

In 2T tandem structure, the currents through top and bottom
subcells need to be equal, which requires well-complementary
bandgaps and matched absorber thickness. As discussed above,
there are two key processes that affect the performance of solar
cells: light absorbtion and carriers seperation/collection. Spe-
cifically, in 2T tandem structure, two subcells must provide
balanced carriers density of electrons and holes, which would
be neutralized within the CRL. In this way, bandgap struc-
ture of two subcells must be well-designed for complementary
light absorption. Meanwhile, the absorber thickness must be
adjusted for suitable light and electrical matching. In addition,
the CRL plays a crucial role to connected subcells monolithi-
cally, for which higher transmittance and less electrical losses
are always the target to be pursued. Along with the promo-
tion of single-PSC with wider and narrower bandgaps and the
development of the charge recombination layer, the V¢ of
tandem devices is enhanced to almost double of single-junction
solar cell, the PCE of 2T-PBTSCs is increased progressively
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meanwhile, as shown in Figure 3a. Herein, four types of 2T
tandem structures hold various advantages and disadvantages.
2T-PSC/Si and 2T-PSC/CIGS have the feature of high PCE, and
ease for commercialization, but relatively high cost and lack of
flexibility. As contrast, 2T-PSC/OPV and 2T-PSC/PSC show a
great potential for future development in PCE and particular
superiority of lightweight, convenient, and flexible devices.
Noteworthily, 2T-PSC/PSC devices hold remarkably high Vi¢
(Figure 3b), which is credited to the desired bandgap matching.
Although ] also plays an important role in solar cells perfor-
mance, the structure and building-principle of tandem solar
cells is segmented absorption of solar spectrum, which would
reduce J,. and improve V,.. Therefore, in this review, we mainly
focus on the advantage of high V,. and the potential application
derived from high V. based on the potential application in inte-
grated devices for energy conversion and storage.

2.1. 2T Monolithic Perovskite/Silicon Tandem Solar Cells

At present, crystalline Si solar cell is the maturest photovoltaic
technology which still dominates most photovoltaic market.
The champion efficiency of Si photovoltaic is 26.6%,°! very
close to the theoretical efficiency of 29.4%.12! At the same time,
the Vo of the Si solar cell is only 0.5-0.6 V, which is hard to
satisfy the demand of the high voltage in practical applications.
Constructing a tandem device with wide-bandgap PSC is a
promising approach to break those limitations on the output
voltage. Figure 4 shows the PCE evolution of four types of Si
tandem solar cells, and detailed photovoltaic parameters of
2T-PSC/Si are summarized in Table 1.

The first tandem device was developed by Mailoa and co-
workers,® as shown in Figure 5a—-d. MAPbI; with 1.61 eV
bandgap is employed on top subcell, which is assembled with
an n-type Si solar cell as the bottom subcell. In order to process
the perovskite layer, the top surface of crystalline silicon (c-Si)
subcell should be polished carefully. A silicon-based n**/p**
interband tunnel junction is a key enabler for facilitating the

© 2021 Wiley-VCH GmbH
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Figure 4. PCE evolution of four types of 2T-PSC/Si classified by the sur-
face states (polished or textured).

carrier recombination effectively. Between the heavily doped
n™ hydrogenated amorphous silicon (¢~Si:H) and p™ emitter,
the intrinsic ¢-Si layer is inserted, which facilitates the inter dif-
fusion of dopant species and retained the tunnel junction con-
ductivity. In addition, the light is irradiated from the metal back
electrode, thus the perovskite electrode should be conductive
and transparent. A mechanical transfer method®?! is adopted
to fabricate silver nanowires (AgNWs) electrode, which has a
sheet resistance of 9 Q 0! and a peak transmission of 89.5%.
Accordingly, a stabilized PCE of 13.7% was performed in the
first perovskite-silicon integrated tandem solar cell. Notewor-
thily, the Vi is obtained as high as 1.65 V, which is almost the
sum of the perovskite and filtered Si's V¢, demonstrating the
superb potential of 2T-PSC/Si.

The 0Si:H/c-Si heterojunction (SHJ) can reach higher Vy¢
up to 750 mV as compared to diffused homojunction cells with
a Voc around 700 mV, because high-quality intrinsic (i) o~Si:H
layer can passivate the surface dangling bonds of c-Si.*¥ Cor-
respondingly, a monolithic perovskite/SH] tandem cell is devel-
oped,"! which formed by a (p,i) o-Si:H/(n)c-Si heterojunction
bottom subcell and a perovskite with FAg3MAg 17Pb(1o53B1017)3
as top subcell (Figure 5e-h). To avoid the transfer and effuse
of hydrogen at =200 °C, a planar and low-temperature SnO, is
implemented as the electron transport layer (ETL) to replace
the high-temperature mesoporous and compact TiO,. By intro-
ducing high V¢ SHJ to 2T-PSC/Si, the device presents the high
Voc of 1.78 V and stabilized PCE of 18.1%. However, the per-
formance of the tandem device is limited by the photocurrent
generated in the Si bottom subcell. Subsequently, to optimize
the light management, the thicknesses of indium zinc oxide
(IZO) CRL and the hole transport layer (HTL) are researched
by experiments and optical simulations.?%) The Vy¢ of 1.69
V, and PCE of 21.2% can be obtained, due to the increased Jsc
of 15.9 mA cm™2,

Nevertheless, double-side polished Si bottom cells show slow
spectral response in the SH]J rear side, causing reflection losses
and inferior performance. Thus, it is rational to replace the
polished Si substrate with a textured Si to improve the light-
trapping and Js¢ of the bottom cell.” Owing to the increased

Small 2021, 2006145

2006145 (4 of 24)

www.small-journal.com

optical path length, the light-trapping and near-infrared spec-
tral response is enhanced, hence increasing Jsc. A monolithic
perovskite/SHJ tandem solar cell with rear-side textured Si is
displayed in Figure 5i-1, which shows an enhanced quantum
efficiency in the near-infrared region. After texturing the Si
rear side, the bottom subcell current density is enhanced by
0.77 mA cm2, and the whole device current density is increased
from 16.12% to 16.4 mA cm™2.2!l Accordingly, the PCE increases
from 19.2% to 20.5%, and a higher V¢ of 1.72 V is obtained.
Generally, the instability of the PSC is the bottleneck of 2T-PSC/
Si system, especially the severe phase separation of the wide-
bandgap perovskite subcell under illumination. Recently, Kim
et al. reported a 2D-3D mixed strategy to stabilize PSC through
phenethylammonium thiocyanate (PEASCN) and phenethyl-
ammonium iodine (PEAI).*! The PEA* could passivate the sur-
face and grain boundaries by preferentially inducing 2D phase.
The high-quality perovskite subcell is then obtained as dem-
onstrated by the microsecond long lifetime and high mobility.
When combined with a backside-texture Si bottom cell, the
tandem device presents 26.7% PCE with a V¢ of 1.756 V and
negligible hysteresis.

With a similar consideration, a textured light management
foil on the front-side of the tandem solar cell can be employed
to reduce reflection and enhance light trapping at the tex-
tured light management (LM) foil/air interface,*¥ as shown in
Figure 5Sm-p. By efficient light management, the device with
LM foil can reach a remarkable PCE of 25.5%, the highest
reported efficiency for the 2T-PSC/Si, while a high V¢ of
1.76 V is maintained.

Generally, the front surface of Si tends to be smooth to
achieve direct deposition of perovskite on Si subcell, leading
to inevitable reflection losses and nonideal light trapping. If a
fully textured Si wafer can be applied to monolithic perovskite/
SH]J tandem cells, the performance could be further improved.
In this way, an effective structure for 2T-PSC/Si is considered
by comparing the optic and photovoltaic properties of textured
and flat surfaces of Si/perovskite.l*®l Due to the enhancement of
light trapping, the textured device could reduce the reflectance
of the Si surface as compared with the flat Si surface (from
2.7% to 0.8%), resulting in the increase in average incident
photon to current conversion efficiency values (from 83.0% to
88.0%) and Jsc (from 13.7 to 14.8 mA cm~2). However, the spin-
coating deposition of perovskite subcell is limited by the rough
Si surface because the texture size of Si is larger than the thick-
ness of the perovskite layer, which is about 5-10 um and 200-
500 nm, respectively. A deposition method for preparing con-
formal perovskite absorber layers on textured SHJ bottom cells
is explored as indicated in Figure 5q-t.*% The conformal perov-
skite film is produced by a hybrid two-step method including
sequential co-deposition and spin coating. A nanocrystalline
Si recombination junction is used between two subcells, pro-
viding a high resilience to shunts. As a result, the introduction
of a frontal texture reduces the overall reflectivity to below 2%
in the range A= 360-1000 nm, and reduce the current loss from
3.14 mA cm™ to an equivalent integrated photocurrent value of
1.64 mA cm™ in the wavelength range of 1 = 360-1200 nm,
as compared to the rear-side texture monolithic cell. The fully
textured SHJ as bottom subcell allows the Jsc and V¢ of a
2T-PSC/Si tandem device to reach 19.5 mA cm™ and 1.79 V,

© 2021 Wiley-VCH GmbH
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Table 1. Summary of the 2T monolithic perovskite/silicon tandem solar cells.

Publish date Top cell E, Bottom cell RCL Voc Jse FF PCE Steady Area Ref.
[eV] M [mAcm? [%]  PCE[%] [cm?]
2015.02 MAPbI; 1.61 nc-Si n*tSi 1.58 1.5 0.75 13.7 13.7 1 18]
p*Si
2015.10 FAg.53MAg17Pb (l0.53Bro.17)3 - SH] ITO 1.79 14.0 0.80 19.9 18.1 0.16 [19]
2015.12 MAPbI; 1.55 SH]) 1ZO0 1.70 15.9 0.80 214 21.2 0.17 [20]
1.70 16.1 0.71 19.5 19.2 1.22
2016.07 MAPbI; 1.55 SH]) 1ZO 1.72 16.4 0.73 20.6 20.5 1.43 [27]
2016.12 MAPbI; 1.55 nc-Si ZTO 1.64 15.3 0.65 16.3 16.0 1.43 [22]
1.68 15.3 0.68 17.4 16.4 0.25
2017.02 Cs017FA0.3Pb (Bro1rloss)s 1.63 SH) ITO 1.65 18.1 0.79 23.6 23.6 1 23]
2017.10 Cs0.07Rbo 03FA 76sMAg 135Pb 162 nc-Si ITO 175 17.6 0.74 228 2255 1 [24]
12.55Bro.45
2017.10 Cs019FA031Pb (10.78Br02)3 1.63 SH) ne-SisH 1.75 16.8 0.78 227 22.0 0.25 [25]
1.78 16.5 0.74 21.8 21.2 1.43
1.77 16.5 0.65 19.1 18.0 12.96
2017.10 MAq 37FA.45CS015Pbl.01Bro 9 1.69 SH) ITO 1.70 15.3 0.79 20.6 18.0 0.03 126]
2017.12 FAo.75MAg 25Pb (l076BF0.24)3 - SH) ITO 171 15.49 0.71 18.8 - 0.13 127]
1.67 14.74 0.67 16.5 - 1
2018.05 - - SH) ITO 1.7 15.87 0.74 20.1 - 0.53 [28]
2018.06 MAPbI; 1.58 n-Si SnO, 1.68 16.1 0.78 21.0 20.5 4 [29]
1.66 15.6 0.68 17.6 17.1 16
2018.06 Cs,FA._Pb(1,Br); 1.6 SH]) ITO 1.79 19.5 0.73 255 252 1.42 [30]
2018.07 Cs017FA0.53Pb (Brosloss)s - pc-Si ITO 143 15.3 0.75 16.2 16 1 131
2018.08 FAo.53MAg17Pb (Bro17lo.53)3 1.59 ne-Si Sno, 1.74 16.2 0.78 219 218 16 132]
2018.08 FAo75Cs0.25Pb (10 3Bro.2)3 1.68 SHJ ITO 1.77 18.4 0.77 25.0 - 1 133]
2018.10 Cs0.05(MA17FA0 53)Pbr1(log3Brors)s  1.63 SHJ ITO 176 18.5 0.79 25.5 - 0.77 134]
2018.11 Cs01(FAo7sMAg25)0oPb (lo7sBro22)s  1.67 SH] ITO 175 16.89 0.74 219 - 0.13 35]
2018.12 C50.05Rbo.0sFAo 765MAg 135Pbly ssBross  1.63 SH) ITO 1.76 17.8 078 245 24.1 1 36]
nc-Si 1.70 17.2 0.78 229 229 1
2019.01 Cs01(FAo7sMAg 25)0sPb(lo73Bross)s  1.67 SHJ ITO 1.83 15.95 0.70 20.4 - 0.13 137]
2019.01 Cs015(FAog3sMAg17)0ssPb(losBros)s  1.64 SHJ ITO 1.80 17.8 0.79 254 - - 38]
Csons(FAossMAo17)0ssPb(losBros)s 170 1.83 16.4 0.75 224
Cs015(FAo.g3sMAg17)0.85Pb(lo75Broas);  1.68 1.81 17.1 0.79 245
Cs0.15(FAo83MAg17)0.85Pb (logsBross)s  1.62 177 17.4 0.78 24.1
2019.02 Cs005(FAo53MAG17)095Pb (lo52Bros)s  1.63 SH ITO 1.79 19.02 0.75 254 25.2 1 39]
2019.03 FAgsMAg,PbBro gl 1.64 pc-Si ITO 1.65 16.12 0.80 212 211 0.135 [40]
2019.03 FACsPbIBr - pc-Si nc-Si(p):H 1.74 19.5 0.75 254 25.1 1.42 [47]
2019.05 C50.05(MAg 17FAg 53) Pb (I 53Br0 17)3 - SH] ITO 1.76 19.2 0.77 26.0 26.0 0.77 [42]
2019.09 FAg75CS0.25Pb(lo5Bro2)3 17 SH) ITO 1.85 15.2 0.77 216 211 0.25 3]
2019.10 FAMAPbI;_,Br, 1.61 nc-Si SnO, 173 16.5 0.81 23.1 23.0 4.00 [44]
2020.01 Cs01MAgsPb(Ig9Bro1)s - SH) ITO 1.82 19.2 0.75 26.2 26.1 - [45]
2020.02 (Cs0.06FA078MAg 16) Pb (Bro7lo 83)3 1.64 SHJ ITO 1.80 18.81 0.77 26.3 25.9 1.43 [46]
2020.02 Cs0.0sMAg15FAq 5Pl 25Bro 75 1.68 SH] InOy 178 15.87 075 257 257 0.832 [47]
2020.03 (FAo.6sMAg 2Cs015) Pb (lo.8Bro.2)3 1.68 SH) ITO 176 19.2 0.79 267 267 0.188 48]
2020.04 FAg75Cs0.25Pb(l05Bro2)3 1.68 SH) ITO 1.77 17.7 0.80 25.1 25.1 0.25 [49]
2020.10 C5005(FAo77MAg 23)095Pb(lo77Bro23);  1.68 SH) ITO 1.90 19.3 0.80 29.1 29.1 1.064 [50]
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Figure 5. Typical device structure and performance of 2T-PSC/Si. a—d) Tandem solar cell with an n-type Si base. Reproduced with permission."® Copy-
right 2015, AIP Publishing LLC. e~h) The Si heterojunction/perovskite tandem solar cell. Reproduced with permission. Copyright 2016, The Royal
Society of Chemistry. i) Tandem solar cell-based rear-side textured Si. Reproduced with permission.?'l Copyright 2016, American Chemical Society.
m—-p) Tandem solar cell-based textured light management foil on the front-side of a tandem solar cell. Reproduced with permission.*¥ Copyright

2018, The Royal Society of Chemistry. q-t) Fully textured monolithic perovskite/SH) tandem solar cell. Reproduced with permission.% Copyright 2018,
Springer Nature.
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thus a steady-state efficiency of 25.2% is obtained. Despite
that evaporation process demands precise and complex control
over the deposition rates of components, this technology is still
widely used for preparing PSCs subcell on textured Si pyramids
bottom cells. On the rough surface of Si, solution prepared PSC
layer could hardly cover Si pyramids, resulting in shunt paths
and inefficient charge collection. To solve the coverage problem,
Hou et al. demonstrate a solution by increasing the perovskite
thickness.”] The diffusion length in the thick perovskite film
can be increased by anchoring a self-limiting passivant (1-buta-
nethiol) on the perovskite surfaces. The as-prepared 2T-PSC/Si
presents a stabilized PCE of 25.7% with V¢ of 1.793 V. Besides
the sequential deposition of PSC layer on Si cell, a mechani-
cally stacked method to fabricate 2T-PSC/Si is also developed.*!
The two subcells are independently fabricated and then cou-
pled by contacting the back electrode of the perovskite top cell
with the texturized and metalized front contact of the silicon
bottom cell. The superior electrical contact enables a high PCE
of 26.3% on an active area of 1.43 cm?.

Along with several researches on Si part, the Js¢ of perovskite
subcells is also be explored to ensure better matching. The theo-
retical investigation for MAPDbIs;-based 2T-PSC/Si by varying
thickness of top perovskite layer from 50 to 1000 nm is an impor-
tant attempt.[’] In particular, a nearly matched optical absorption
and current among the subcells are necessary for better light
and carrier management thus achieving high efficiency. The
champion efficiency can reach 20.92%, 1.47 times higher than
perovskite cell. Furthermore, the methods to adjust bandgap of
perovskite have been developed, so that 2T-PSC/Si could present
higher performance.’® After extensive simulation of various
bandgaps of perovskite materials, the optimum performance is
obtained when the bandgap of perovskite layer is 1.73 eV, corre-
sponding to an absorption onset of 715 nm. The optimized com-
patibility between the top and bottom cells is achieved, in which
1748 and 1747 mA cm™ can be generated in the perovskite
and silicon subcells, respectively.>®! Considering that there are
numerous factors could affect the actual performance of solar
cells, this value (1.73 eV) might need further adjustment during
experiments. Note that, by replacing the traditional MAPbI; with
the latest FA* and Cs* hybrid perovskite top celll® in rear-side
textured 2T-PSC/Si, and introducing a bilayer of SnO, and ZTO
as a window layer,?’l an optimized device presents a high effi-
ciency of 23.6% with V¢ of 1.65 V and negligible hysteresis.

The CRL is the critical link in 2T tandem solar cells, so the
related researches are still keep moving. p*/n* hydrogenated
nanocrystalline silicon is widely used in III-V semiconductor
and thin-film Si tandem solar cells, which could reduce para-
sitic absorption and reflection losses at the interface between
the subcells, and increase the bottom cell current density.®V As
a result, the device presents a high efficiency of up to 22.7% on
an area of 0.25 cm?, and shows up to 1.78 V for the 1.43 cm?
large area. To further reduce the reflection losses at the internal
junction, the interlayer consisting of nanocrystalline Si oxide is
introduced.*”! The optical properties of the layer can be tuned
over a wide range by varying the oxygen content, leading a sig-
nificantly increased bottom-cell current density, which is driven
by better light in-coupling into the bottom cell. As a result, the
optimized tandem cells deliver over 19 mA cm™ Jsc and stabi-
lized PCE of 25.2%.
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In addition to solution and vacuum deposition method, slot-
die-coating and blade-coating technologies are also developed.
Wolf et al. adapt the slot-die-coating technique to improve the
cell performance by enhancing ink-substrate dynamics and
surface passivation.[%?] After optimization, a high PCE of 23.8%
for 2T-PSC/Si is obtained by using a textured silicon bottom
cell. A blade-coating is also employed into 2T-PSC/Si for large-
scale production. For example, Huang et al. develop a high-
throughput blade-coating method of perovskite film on double-
side-textured silicon, and a high PCE up to 26% is achieved.[*!
Those results indicate that even with cheap and simple method,
the high performance could still be achieved for 2T-PSC/Si.

By constructing the 2T-PSC/Si, the V¢ is increased from
0.5-0.6 V of crystalline Si solar cells to 1.7-1.8 V of tandem
devices. The highest V¢ can reach up to 1.92 V,PY which is
about three times of single-junction Si solar cell. Albrecht et al.
adopted a self-assembled, methyl-substituted carbazole mon-
olayer to serve as the HTL in the PSC, the resulted V¢ and
FF were reach up to 1.23 V and 84% because of the fast hole
extraction and minimized nonradiative recombination at the
hole-selective interface. The single PSC improvements trans-
ferred into tandem devices, which allowed a certified PCE of
29.15%. With negligible damage to efficiency, the enhanced Vi ¢
can extend the application range of the device vastly, which is
more beneficial for the commercial applications.

2.2. 2T Monolithic All-Perovskite Tandem Solar Cells

Due to the bandgap tune ability of perovskite solar cells,™"]
all-perovskite tandem cells consisting of two perovskite
absorbers with complementary bandgaps show great potential
in the field of photovoltaics. The V¢ of 2T-PSC/PSC could be
adjusted in the range of 1.66-2.30 V by matching two absorbers
with different bandgaps.[®®l Table 2 shows a summary of all the
2T-PSC/PSC.

2.2.1. CRL of 2T Monolithic All-Perovskite Tandem Solar Cells

In the 2T-PSC/PSC, the CRL plays the crucial role of efficiently
recombining electrons and holes with minimal loss of voltage
and reduction in transparency. Simultaneously, the deposition
processes must be compatible with the underneath perovskite
cells. Table 3 summarizes the characteristics and structure of
typical CRLs. Magnetron sputtering deposition of indium tin
oxide (ITO) is the typical CRL, while doped organic semicon-
ductors, ultra-thin metallic oxide, and ultra-thin metals are
demonstrated better alternatives to ITO.

The first 2T-PSC/PSC was reported by Zhou et al.l® The
novel CRL of Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI
(PEI = polyethyleneimine) adopts orthogonal solvent pro-
cessing at low temperature, which is compatible with polar
solvent-sensitive perovskite films. The CRL provides efficient
space for charge recombination, 2,2",7,7'-tetrakis(N,N-di-p-
methoxyphenyl-amine)9,9’-spirobifluorene  (Spiro-OMeTAD)
and [6,6]-phenyl-Cgy;-butyric acid methyl ester (PCBM) are
employed as the hole and electron collector, respectively. While,
the PEI is used to modify the surface and form a work function
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Table 2. Summary of the 2T monolithic perovskite/perovskite tandem solar cells.

Publish Subcells Eg Absorbers CRL Voc Jsc FF PCE SOP Area Ref.

date [eV] M [mA cm™? (%] [%] [em?]

2015.12 Top cell 1.55 MAPDbI; PEDOT:PSS 1.89 6.61 0.56 7.0 - 0.04-0.1 [64]
Bottom cell ~ 1.55 MAPbI;

2016.11 Top cell 1.8 FAo33Cs017Pb (l0.5Bro5)s Sn0,/ZTO/ITO 1.66 14.5 0.70 16.9 17.0 020  [174]
Bottom cell 1.2 FAg75CS0255M0 sPbo sl 176 13.5 0.56 13.3 13.8 1

2016.12 Top cell 2 Cs015FA0.85Pb (10.3Bro7)3 TaTm/TaTm:Fg-TCNNQ/ 2.29 9.83 0.80 18.1 14.5 0.0264 [65]

Ceo:PhIm

Bottom cell ~ 1.55 MAPbI;

2017.07 Topcell 182 MAg5Cs01Pb(l0.6Bro)s ITO 1.98 127 073 18.4 18.5 0.1 [69a]
Bottom cell ~ 1.22 MAPbg 5Shg sl3

2017.09 Top cell 23 MAPbBr; PEDOT:PSS 1.96 6.40 0.41 5.1 - - [74]
Bottom cell  1.55 MAPDbI;

2018.08 Topcell 176 FAo6C04Pb(l07Br03)3 Sn0,/ITO 1.81 14.8 0.70 - 19.1 - [69b]
Bottom cell ~ 1.27 FAo.75Cs0.25SN0.5Pbg 513

2018.09 Top cell 1.55 MAPbI; TaTm/TaTm:Fs-TCNNQ/ 2.30 9.84 0.80 18.0 - 0.01 [63]

Cgo:Phim

Bottom cell  1.55 MAPbI;

2018.10 Top cell 1.58 MAPbI; p-doped cross-linked PTAA/ 1.79 13.36 0.78 18.7 18.92 0.12 [75]

hexamethonium bromide-
doped PCsBM

Bottom cell  1.26 MASng 55Pbg 7513 1.79 13.13 0.69 16.2 - 1.2

2018.11 Top cell 1.83 FAo.83Cs017Pb(Broslos)s ultrathin metal(s) 172 12.80 0.73 17.9 16.07 0.06 7]
Bottom cell  1.24 FAg.sMAq sPbg sSng sl3

2018.12 Top cell 175 FAo5Cs02Pb(lo7Bro3)s Ag/MoO,/ITO 1.92 14.1 0.78 21 207 0105  [78]
Bottom cell  1.25 FAgsMAg 4Shg 6Pbg 4l3

2019.02 Top cell 1.94 FAg53Cs017Pb (Broslos)s ITO nanoparticles 218 1.0 0.63 152 1520 0092  [70]
Bottom cell ~ 1.57 MAPbI;

2019.05 Topcell 175 CsgosFAgsMAg1sPb(lossBross)s Ag/MoO,/ITO 1.94 15.01 080 234 231 0105  [76]
Bottom cell ~ 1.25 FAgsMAg 4Shg 6Pbg 413

2019.05 Top cell 17 FA6Cs03DMAG:Pbl, 4Bro PEIE/AZO/IZO 1.88 16.0 0.77 23.1 230 008  [79]
Bottom cell ~ 1.27 FAo.75Cs0.255Nn0.5Pbg 513

2019.09 Topcell  1.80 FA.6CS04Pb (l0.65Br035)3 Sn0,/ITO 1.99 15.1 077 230 227 00684  [66]
Bottom cell ~ 1.22 FAg.sMAg 45Cs0.05Pbo.sSNo s!3

2019.09 Top cell 177 Csp2FAggPbly 5By, ALD-SnO,/Au(=1 nm) 1.97 15.6 0.81 248 245 0073 [67]
Bottom cell  1.22 M~Ag3FAg ;Pbg SNy sl 1.95 14.0 0.82 223 - 1.05

2020.01 Top cell 1.77 FA( 3Csg,Pbly gBry » ALD-SnO,/Au(=1 nm) 1.97 15.0 0.80 237 235 0.049 [77]
Bottom cell ~ 1.22 Csg1MAg2FAg 7Pbo sSng sl3

2020.06 Topcell 178 Cs04FAg6Pbl1 o5Br1 05 Ceo/SNO1 76 2.03 15.2 080 246 244 0059  [72]
Bottom cell ~ 1.21 Csg.0sMAg 45FAG sPbg sShg 513

2020.08 Topcell 173 FA05Cs0.2Pb(107Br03)3 ITO 1.94 15.2 079 233 - 0.1 30]
Bottom cell ~ 1.28 FAy 8sMAg1Cs0,05Sng 5Pbg 513

2020.09 Top cell 177 FAo.5Cs0.2Pb (lo 6Bros)s ALD-SnO,/Au(=1 nm) 2.01 16.0 080 256 256 0049 [71]
Bottom cell  1.22 FAo;MAq 3Pbg sSng sl 1.99 16.6 0.77 242 242 1.041

contrast between the top and bottom sides of the poly(3,4-eth
ylenedioxythiophene):polystyrene  sulfonate  (PEDOT:PSS)
film. However, the noncomplementary absorption spectral
region inevitably leads to low Jsc of 6.61 mA cm™? and PCE
of =7.0%, due to the same bandgap of two absorbers. It should
be mentioned that the V¢ of 1.89 V is almost the sum of the
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two perovskite subcells, indicating a superb exploitability of
2T-PSC/PSC.

To further promote monolithic tandem cells, as mentioned
afore, effective CRL is supposed to gain considerable attention.
Doped organic semiconductors show a positive effect as a valu-
able alternative.®® When employing TaTm (N4,N4,N4”,N4”-
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Table 3. Characteristics and structure diagrams of typical CRL.
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CRL

ITO?

Doping organic semiconductors®

Ultra-thin metallic oxide®

Ultra-thin metals?

Ingredient

Preparation
method

Advantages

Disadvantages

ITO

magnetron sputtering

strong protective barrier;

high parasitic absorption;
damage to the underlayer

TaTm:Fg-TCNNQ/ Cgo:Phlm
vacuum deposition;
solution spinning

low-temperature;
without damage;
simple operation;
high conductivity

no barrier protection;

top subcell need vacuum deposited;

low chemical stability

SnO,; AZO

atomic layer deposition

low-temperature;
without damage;
exceptional conformality reducing
shunting

complicated operation;
time consuming;
high equipment cost

Cu:Au

thermal evaporation

low equipment demand

hard to be dense;
complicated operation;

Structure

diagram Perovskite Perovskite Perovskite Perovskite
D HI D H'___J:I.‘Ti___J T r__’_’_"l:l_ﬁ_’_’J\
Doped HTL ) 5
\ Doped ETL J { Ultrathin metal J
Perovskite Perovskite Perovskite Perovskite
Device Cu
structures BCP ¢
C60 Narrow bandgap PVSK
1.22 eV perovskite CH3NHsPbl; u PED?::;’nsestal
PTAA on PEDOT:PSS 3 S FSIP/C60/BCP
Sputtered ITO Wide bandgap PVSK
SnO,
C60 NF'%‘

1.80 eV perovskite

31TO: Reproduced with permission.[%¢ Copyright 2019, Springer Nature; ¥ Doping organic semiconductors: Reproduced with permission.[®® Copyright 2017, Wiley; 9Ultra-
thin metallic oxide: Reproduced with permission.[”) Copyright 2019, Springer Nature; 9Ultra-thin metals: Reproduced with permission.[%8 Copyright 2018, Wiley.

tetra([1,1"-biphenyl]-4-yl)-[1,1:4",1”-terphenyl]-4,4”-diamine)
and fullerene Cg, as HTL and ETL, respectively, F6-TCNNQ
(2,2’-(perfluoronaphthalene-2,6-diylidene) dimalononitrile)
and PhIm (N1,N4-bis(tri-p-tolylphosphoranylidene)benzene-
1,4-diamine) are doped separately in the two layers in order to
obtain function efficient CRL by modulating the conductivity.
However, the CRL cannot supply protection effect, so that the
top subcell needs to be deposited by vacuum method, which
would make the process complicated than the simple solution.
Typical MAPDI; subcell is applied as narrow bandgap absorber
via dual source vapor deposition technique, while Csy5FAqgs
Pb(Iy3Bry7); wide bandgap absorber is combined to constitute
2T-PSC/PSC. The device shows a high efficiency of 18%, V¢ as
high as 2.14 V, and FF of 0.76.

The application of ITO layer in 2T all-perovskite tandems
was pioneered in 2016.73) Employing the sputter-coated ITO to
form a physical barrier to protect the underlying PSC from any
solvent damage. More importantly, a buffer layer of tin oxide
and ZTO, deposited before ITO via solution-deposit nanopar-
ticles, is demonstrated to be helpful for protecting the under-
lying organic PCBM and perovskite layers from the sputtering
of the TCO. Subsequently, introducing ITO as CRL in 2T-PSC/
PSC becomes universal, and the strategy is proved to be effec-
tive.[) The device could reach the PCE of 23.0% with a V¢ of
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1.99 V by sputtering ITO in a 2T-PSC/PSC as CRL. However,
the high cost and inevitable damage to underneath PSC layer
by high energy sputtering particles make magnetron sputtering
method unsuitable for 2T-PSC/PSC. To obtain cost-effective and
simple processed ITO, a solution-based method is present?’l by
spin coating ITO nanoparticles dispersed in isopropanol, which
works well when combining with a PEDOT:PSS layer. To avoid
solution corrosion, a further protection measure for underlying
perovskite is adopted. A highly volatile acetonitrile/methyl-
amine (ACN/MA) solution is chosen as the top absorber, and the
resulting underlying perovskite is intact. Through absorber and
interlayer optimization, a V¢ of up to 2.18 V and a steady-state
PCE over 15% can be obtained, which enlightens a way of
simple all solution-processed 2T-PSC/PSC.

Recently, ALD-SnO,/Aul”71 and Au/Cu clusters(®¥l are
employed in 2T-PSC/PSC as CRL to replace the conventional
ITO layer. The compact and robust ALD-SnO, layer is fabri-
cated at low temperature, in order to reduce shunting with
minimum damage to the bottom layer. An ultrathin Au layer
(=1 nm) is combined with ALD-SnO, to facilitate electron-hole
recombination in the CRL, which is helpful to reach the record
PCE of 25.6% of the 2T-PSC/PSC. Similarly, an ultrathin Cu:Au
alloy film is also used as CRL to facilitate carrier recombination
and hence achieving a high PCE up to 179% with a negligible

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

hysteresis. Besides, a simplified CRL of Cg,/SnO; 7 is prepared
to omit the traditional HTL of top subcell because the SnO; 7
layer has ambipolar carrier transport property. The as-prepared
CRL is effective to obtain a low Ohmic contact resistance on
both subcells simultaneously, leading to the PCE of 2T-PSC/
PSC up to 24.4%.%! In future investigation of CRL, high trans-
parency, low parasitic absorption, process-compatible, and large
area fabrication process would be desired to further improve
the performance of 2T-PSC/PSC.

2.2.2. Bandgap of 2T Monolithic All-Perovskite Tandem Solar Cells

Apart from effective CRL, bandgap adjustment is another key
approach to improve the performance of tandem cells. Three
types of 2T-PSC/PSC are divided according to different band-
gaps matching, as described in Figure 6.

MAPDI; is the most classic component of perovskite solar
cells. However, the absorption spectrum is merely about 400—
800 nm wavelength of visible light.”3] So it is impossible to
achieve full spectrum absorption for the MAPDI; absorber, as
a consequence, imperfect spectral utilization leads to the poor
performance in the inchoate all-perovskite tandem structure.

Based on the well-known middle bandgap perovskite
MAPDI;, a better spectrum-matched middle-wide tandem
solar cell can be constructed by introducing a bromated wide
bandgap perovskite absorber.®! For the wide bandgap sub-
cell, a perovskite with Csg5FAgsPb(Iy3Brg7); composition
is used as the absorber, which has a wide bandgap of 2 eV.
The average PCE of the tandem cell is 14.8% in forward, and
15.6% in reverse bias, even not surpassing the single efficiency
of MAPbDI;. Whereas, the V¢ approaches 2.3 V, which is the
exact sum of the V¢ obtained for two subcells. Moreover, the
2T-PSC/PSC of MAPbDI; matched MAPbBr; with bandgap of
2.3 eV is explored without satisfying current matching. The
device shows a high Vg of 1.94 V, however, the efficiency is
only 5.1%." MAPbI; could also serve as middle bandgap
subcell with a 1.94 eV perovskite absorber of FA(g3;Cs,Pb(B
ro71o3); being used as wide bandgap subcell, as illustrated in
Figure 6a—c. A solution-processed tandem architecture reaches
15.2% steady-state PCE, and delivers 2.18 V V.7 The perfor-
mance of middle-wide structure, as mentioned afore, is fea-
turing high Voc, whereas the efficiency is worthy of further
exploration.

Middle-narrow structure in 2T-PSC/PSC is usually neglected
due to the serious instability of Sn-based narrow bandgap sub-
cells. In fact, fairly powerful improvement can be obtained for
Sn-based PSCs, providing valuable opportunities for 2T-PSC/
PSC contained narrow-bandgap cells. The middle-bandgap
MAPDI; front subcell is connected in series with the narrow-
bandgap MASn ,5Pbg 755 rear subcell by a solution-processed
conductive CRL, as shown in Figure 6d—f.’° Importantly, long-
term stable tandem cells are also demonstrated by employing
ALD Al,O; film as the encapsulation layer, maintaining =91%
of its initial efficiency after more than 9300 h (=387 days) of
air storage, and the devices exhibit encouragingly a remarkable
PCE up to 18.69% with a Vo of .79 V.

The current matching is crucial for the improvement of 2T
tandem solar cells, which can be adjusted by manipulating the
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thickness and the bandgap of the two absorbers. The optimized
devices would match a narrow-bandgap of 0.9-1.2 eV for top
subcell and a wide-bandgap of 1.7-1.9 eV for bottom subcell.l
A perovskite solar cell with stable 14.8% PCE is demonstrated,
based on an =1.2 eV FA;5Csg,5Pbg 5Sng 513 absorber by a pre-
cursor-phase antisolvent immersion technique. While com-
bining the narrow bandgap absorber with a 1.8 eV FA( g3Cs ;Pb
(Lo.sBrg )3 perovskite cell, the tandem device achieves efficiency
of 170% with a V¢ over 1.65 V, as shown in Figure 6g—i.l”?

In recent years, the tandem devices are further developed
with the enhancement on the performance of narrow bandgap
PSCs. Optimizing the narrow-bandgap perovskite nearly
becomes the universal path of all-perovskite tandem devices. A
small bandgap perovskite MAPb, sSn, 513 of 1.22 eV is improved
by employing Indene-Cgy, bis-adduct to achieve optimized inter-
facial contact and reduced nonradiative recombination.®? The
resultant 2T-PSC/PSC, combined with large bandgap absorber
of MAg9Csg1Pb(Iy6Bro4)3 and CRL of sputtered ITO, shows a
high Vo of 1.98 V and stabilized PCE of 18.5%. A method to
post-process the FAg75Csg,5Sny5Pbysl; perovskite films with
methylammonium chloride vapor is adopted to enhance the
narrow-bandgap perovskite.®"! By optimization of grain sizes
and film flatness, the efficiency could be raised to 15.6% with
an external quantum efficiency (EQE) of over 80% in the near-
infrared with superior thermal, atmospheric, and operational
stability. Then, a 50 nm highly conductive ITO interlayer is sup-
plied as a CRL to protect the wide-bandgap perovskite before
depositing FA75Cs 25510 5Pby 515 as the top subcell. As a result,
the 2T-PSC/PSC shows a high V¢ of 1.98 V and PCE of 19.1%.

Furthermore, with the optimization of narrow bandgap
cells, the prominent improvement on both the PCE and sta-
bility of Sn-Pb perovskites has been obtained.”®! The solution
of reducing the grain defect density is certified by modifying
GuaSCN and adding metallic tin powders in precursor. By
increasing the charge-carrier diffusion length in Sn-Pb perov-
skites to 3 um, the improved narrow bandgap cell can achieve
PCE of 21.1%. A 175 eV PSC is adopted as wide-bandgap
absorber to design tandem device. The resultant stable power
output efficiency is =23.1%, and the obtained V¢ is up to
1.94 V.

The superb narrow-bandgap solar cell of 1.22 eV with PCE
of 21.2% is combined with complementary 1.77 eV wide-
bandgap top subcell, and the device exhibits the PCE of 24.8%
with a high V¢ of 1.97 V. In theoretical perspective, PCE over
39% is achievable using an optimal bandgap combination of
1.1-1.15 eV and 1.75 eV in a 2T configuration. Moreover, PEA*
additive is used in the antisolvent to anchor the Sn-Pb perov-
skite grains without excess formation of layered perovskite
phases. The suppressed nonradiative carrier recombination in
Sn-Pb perovskite active layers boosts the whole 2T-PSC/PSC
device a stabilized PCE of 23.5%."]

PSCs can work with thickness of merely a few hundred
nanometers, moreover, the solution-processable property of
PSCs enables large-area printing and flexibility, which can
significantly reduce the cost and extend the applications. Com-
bining the PSCs to construct 2T-PSC/PSC can extend the V¢
and flexibility effectively. Therefore, further advances in 2T
perovskite tandem devices become an exciting scientific chal-
lenge and hold enormous potential.
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Figure 6. The structure diagrams and EQEs curves of 2T-PSC/PSC combined with different matched bandgaps. a—c) A tandem device with middle and
wide bandgaps. Reproduced with permission.’® Copyright 2019, Elsevier B.V. d—f) A tandem device with middle and narrow bandgaps. Reproduced
with permission.”l Copyright 2018, Elsevier B.V. g—i) A tandem device with wide and narrow bandgaps. Reproduced with permission.[73l Copyright

2016, American Association for the Advancement of Science.

2.3. 2T Monolithic Perovskite/Organic Tandem Solar Cells

Organic solar cell is a striking sort of solar cells, which benefits
mainly from its high transmittance, flexibility, and solvent pro-
cessing.®ll Although the single-junction organic photovoltaic

Small 2021, 2006145 2006145

(OPV) with over 17% PCE is demonstrated,’!l the Vyc of
majority devices can merely reveal around 0.8 V.82 In order to
improve the Vg, combining with another absorber to extend
the spectral absorption region is a viable approach. OPV has
numerous characteristics, which are suitable for fabricating
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Table 4. Summary of the 2T monolithic perovskite/organic tandem solar cell.

Publish Perovskite absorber Eg Organic absorber CRL Voc Jsc FF PCE[%]  Ref.
date [eV] M [mAcmT

2015.01 MAPbI; 1.52 PBSeDTEG8:PCBM FEN/TiO,/PEDOT:PSS 1.52 10.05 0.67 10.23 [84]
2016.01 MAPbDI; 1.5 PBDTT-DPP:PC70BM PFN/Ag-doped MoO;/MoO3 1.58 8.02 0.68 8.62 [87]
2016.02 MAPbDI; 1.5 PCE-10:PC71BM Ceo-SB/Ag/MoO, 1.63 13.1 0.75 16.0 [85]
2019.05 CsPbl,Br 1.92 PTB7-Th:CO;8DFIC:PC;;BM MoO3/Au/ZnO 171 11.98 0.73 15.04 [88]
202003 Csg1(FAoeMAos)osPb(loBros)s  1.74 PBDB-T:SN6IC-4F Ag 1.85 11.52 071 15.13 86]
2020.06 FAgsMAq 0,Cs01gPbl 5B 2 177 PBDBT-2F:Y6:PC71BM Ag 1.90 13.05 0.83 20.6 89]
2020.07 CsPbl,Br 1.9 PM6:Y6 MoO;/Ag/ZnO 1.95 12.46 0.76 18.38 [90]

2T-PSC/OPYV, such as higher absorption in the near-infrared
region and the low-cost solution process. Adjusting the intra-
molecular electron push-pulling effects makes the energy levels
and absorbance range highly tunable.®! All the 2T-PSC/OPV
are summarized as Table 4.

In 2015, Yang group!®! demonstrated a structure of 2T-PSC/
OPV. 1.55 eV MAPDI; is employed as bottom subcell, and an
IR-sensitive block copolymer (PBSeDTEGS) is used as the top
absorber. The CRL is constituted of PFN/TiO,/PEDOT:PSS
PH500/PEDOT:PSS AI 4083, which is the ETL from the top cell
and HTL from the bottom cell, as demonstrated in Figure 7a—c.
The whole tandem device is prepared through solution method,
which takes full advantage of the organic solar cell. The absorp-
tion spectrum is expanded up to 950 nm and the Vi is
enhanced to 1.52 V. However, the PCE is limited to 10.23%, only
slightly higher than the single subcells.

To prevent the organic layer from the damage of high tem-
perature and solvent erosion when deposit perovskite layer, the
preparing sequence of each layer is adjusted.® The organic
layer is employed as bottom subcell for the tandem structure, as
depicted in Figure 7d—e. Combining the MAPbI; perovskite top
subcell and PCE-10:PC71BM polymer:fullerene blended bottom
subcell, a high PCE up to 16.0% is achieved. The upgrading
of the photovoltaic performance is also credited to the graded
CRL containing a zwitterionic fullerene, silver (Ag), and molyb-
denum trioxide (MoOj;), which provide robust protection for
front subcell. Nevertheless, the EQE profiles of the perovskite
and polymer single-junction solar cells show the overlapping
spectrum in IR range, resulting in the V¢ of only 1.65 V.

Recently, a bandgap well-matched 2T-PSC/OPV is devel-
oped to satisfy the requirements of spectrum expansion and
minimize parasitic absorption.[®®! The phenmethylammonium
bromide passivated Csg1(FAgsMAg.4)09Pb(Ig6Bro4); is served
as top subcell (1.74 eV), and organic active PBDB-T:SNGIC-4F
layer is used as bottom subcell (1.30 eV). Appropriate bandgap
matching of the monolithic device broadened the absorption
spectrum from 300 to 975 nm, resulting in a high Vo up to
1.85V, and the PCE is still maintained above 15%.

The substantive breakthrough of 2T-PSC/OPV is dem-
onstrated under the calculated instructing.?” 1.77 eV wide
band-gap FA(sMA(0,Cso13Pbl; gBry, perovskite and 1.41 eV
OPV are selected as two subcells (Figure 7g-i). As shown in
EQE curves, the Jsc of front and rear subcells is exactly the
same, 13.1 mA cm™?, indicating the good spectra matching.
Benefiting from orthogonal processing solvents, the CRL
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could be simplified by all-thermal evaporation including BCP,
Ag, and MoO,, which possesses negligible optical loss and
high reproducibility. The PCE of the tandem device is 20.6%,
which is higher than that of each separate subcell. The inte-
grated Voc is approximately close to the summing voltage of
two subcells. The landmark performance of 2T-PSC/OPV is
established, on the basis of which we can look forward to the
further improvement.

The organic absorber and perovskite absorber are solution-
processed, which lay the foundation of fabricating flexible
devices. Similar to the 2T-PSC/PSC, 2T-OPV/PSC has potential
for high throughput manufacture of flexible electronic devices.
Besides, benefiting from the orthogonal processing solvents,
the requirements for CRLs are more lenient and the prepara-
tion of 2T-OPV/PSC is terser correspondingly.

2.4. 2T Monolithic Perovskite/CIGS Tandem Solar Cell

Cu(In,Ga)(S,Se), (CIGS) and Culn(S,Se), (CIS) are also alter-
native bottom cell candidates with low bandgap for perovskite-
based tandem solar cells, revealing unique merits. The direct
bandgap structure implies the superior photovoltaic properties,
as confirmed by the realistic efficiency of 23.4%.11%]

In terms of bandgap, CIGS can be tuned from 0.95 to 1.7 eV
by substituting Ga and S for In and Se, respectively,®!l which
is predicted to afford excellent current matching in monolithic
tandem devices with the high efficiency PSCs. Moreover, CIGS
absorbers have solution-processable and cost-effective advan-
tages, promising 2T-PSC/CIGS to become competitive applica-
tions in photovoltaic field as certified in Table 5.

The initial 2T-PSC/CIGS consisted of a 1.04 eV CIGS solar
cell and a 172 eV PSC was demonstrated by Todorov et al.,
enabling PCE of 10.98% and Vo up to 1.45 V,? as shown in
Figure 8a—c. The perovskite layer is prepared by vapor-based
halide exchange reaction system to control annealing temper-
ature below 150 °C, resulting in better compatibility with the
CIGS subcell. However, the perovskite with ZnO acts as ETL is
tend to degrade by the surface active hydroxyl, when exposing
to UV excitation and high temperature of above 60 °C, which
could be avoided to a certain extent by the surface coating.
Therefore, the classical ZnO layer in CIGS device is removed
to prevent perovskite deterioration, sacrificing the performance
of the CIGS to a certain extent. Furthermore, the limited Jg¢
is attributed to the Ca-based contact electrode, which absorbs
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Figure 7. a—c) The first 2T-PSC/OPV. a) Device architecture; b) J-V curves; c) EQE spectra. Reproduced with permission.4 Copyright 2015, The
Royal Society of Chemistry. d—f) The order of deposition is adjusted perovskite/polymer monolithic tandem solar cell. d) Device architecture; e) J-V
curves and device metrics; f) EQE spectra. Reproduced with permission.®l Copyright 2016, American Chemical Society; g-i) The bandgaps optimized
perovskite/organic monolithic tandem solar cell. g) Device architecture; h) J-V curves; i) EQE spectra. Reproduced with permission.8¢l Copyright 2019,

Science China Press.

about 20-30% of incident light. However, due to serious para-
sitic optical losses, the Jgc is severely limited to 12.7 mA cm™,
and the PCE is much lower than the individual subcells.

Subsequently, a multilayer transparent top electrode is
developed. The delicate dielectric/metal/dielectric (MoO,/Ag/
MoO,) structure is employed to 4T-PSC/CIGS, enabling a PCE
of 15.5%.18% Noteworthily, it supplied a promising route to fur-
ther optimize 2T-PSC/CIGS. On the basis of Yang's work, the
tandem device can realize transparent top electrode, such as the
aluminum-doped zinc oxide (AZO) layer, rendering about 40%
of the red light (650-750 nm) is transmitted.

As mentioned previously, how to reserve the ZnO layer is a
barrier on the high-performance pursuit. Whereafter, a ZnO-
contained 2T-PSC/CIGS was developed in the early period.*?!
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The deposited intrinsic ZnO layer could guarantee the inte-
grality before the AZO layer, resulting in a preferable PCE of
11.03% and a V¢ of 1.35 V. The necessity to maintain the inte-
grality of the CIGS subcell has been verified repeatedly.® An
i-ZnO and boron-doped ZnO double layer is developed as the
TCO layers of the bottom cell and a smooth ITO is used as the
CRL. The maximum vertical distance of ITO-polished surface
is reduced from several hundred nm to 40 nm, which is benefi-
cial for the continuous deposition of the planar perovskite sub-
cell and takes full advantages of the top subcell. The resultant
tandem device delivers the PCE of 22.43% and the Vg of
1.774 V, equal to the sum of the V¢ of two subcells.

Another effective approach to prevent potential shunting
due to the rough CIGS surface was reported by conformally

© 2021 Wiley-VCH GmbH



ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com

Table 5. Summary of the 2T monolithic perovskite/CIGS tandem solar cell.

Publish month Subcells Absorbers Eg CRL Voc Jsc FF PCE Area Ref.
[eV] M [mAcm™| [%] [cm?]
2015.09 Top subcell MAPb (Br._,,)3 172 ITO 145 127 0.57 10.9 0.4 [92]
Bottom subcell CIGS 1.04
2017.01 Top subcell MAPDbI3 1.59 ZnO/ITO 1.36 15.5 0.88 18.5 0.m [96]
Bottom subcell CIS 0.99
2017.08 Top subcell MAPbI3 1.59 iZnO/AZO 1.35 12.9 0.64 11.03 0.5 [93]
Bottom subcell CIS 1.0
2018.08 Top subcell MAPbI; 16 ZnO/ITO 1.38 13.8 0.44 8.34 0.1 [97]
Bottom subcell CIS 1.0
2018.08 Top subcell CS0.09FAg77MAg 14Pb 159 iZnO/BZO/ 177 17.3 073 2243 0.042 [94]
(lo.86Bro14)3 ITO
Bottom subcell CIGS 1.0 1.78 16.67 0.70 20.83 0.52
2019.01 Top subcell Cs0.05(MAo17FA083)0.95 - ZnO/NiO, 1.59 18.0 0.76 216 0.778 [95]
Pby1(l0.83Bro.17)3
Bottom subcell CIGS 1.1
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Figure 8. a—c) The first 2T-perovskite/CIGS without ZnO layer. Reproduced with permission.’? Copyright 2018, Wiley. d—g) The optimized 2T-perovs-
kite/CIGS reserved ZnO layer. d) Schematic; e) cross-sectional SEM images of the CMP processing on the CIGS surface; f) J-V curves; g) EQE curves.
Reproduced with permission.l Copyright 2015, American Association for the Advancement of Science.
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Figure 9. The tandem cells with adjustable V¢ to drive different solar energy conversion and storage.

depositing a thin NiOy layer on the front contact of the CIGS
bottom cell.”®) After constructing a bilayer of the NiOy/PTAA,
the 2T-PSC/CIGS shows a high Vo of 1.59 V, and the PCE of
21.6% on the large active area of 0.778 cm?, which is the highest
PCE reported for a perovskite/CIGS tandem solar cell with the
conventional area of 0.2 cm?.

CIGS solar cells are promising candidate to replace the Si
solar cells in commercial application. Correspondingly, the
2T-PSC/CIGS shows high V¢ and steady growing PCE. How-
ever, more efforts need to be made to overcome the potential
efficiency loss, such as the matched bandgap, performance
of subcells, well-designed CRL, or other aspects. With those
improvements, it is likely to enable the predicted efficiencies of
over 30% in the near future.

3. Potential Application for Energy Conversion and
Storage

The solar cells can drive the energy conversion from solar
energy to electric energy, however, the obtained electric energy
is limited by the instability and intermittent of solar irradia-
tion. As for single-junction solar cells, the low output voltage
is also a huge obstacle for potential applications of clean
energy. This unstable source of power is hardly to be linked
up directly for practical equipments. Thus, storing the solar
energy as chemical energy becomes an effective way to har-
ness solar energy. Nowadays, some solar energy conversion
and storage systems have attracted intense interest, such as
low-voltage solar rechargeable supercapacitors, middle-voltage
solar-driven water-splitting and CO, reduction, as well as high-
voltage solar rechargeable batteries. Since PSCs have the tun-
able bandgap and high Voc among various types of solar cells,
more attentions are suggested to PSC-based tandem cells
with high voltage and efficiency in future. When introducing
tandem solar cells to provide higher voltage, which could break
the Shockle-Queisser (S-Q) limitation, the derived solar energy
conversion and storage hybrid systems become extremely
inviting as shown in Figure 9. In order to achieve the energy
conversion/storage, the voltage matching principle is pivotal
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for constructing those integrated devices. It means that the
Voc in PSC-based tandem cells must surpass the electrochem-
ical working window to ensure a feasible energy conversion/
storage. Meanwhile, the maximum power point should be as
close to the charge/reaction voltage plateau for high overall effi-
ciency. In this way, rechargeable reactions with specific voltage
plateau are more favorable in those integrated energy conver-
sion/storage devices.

3.1. Solar Rechargeable Supercapacitors

In terms of supercapacitors, the voltage demands could be rela-
tively low, making it possible for a simple solar rechargeable
supercapacitors structure to realize the photoelectric energy
conversion and electrochemical energy storage. Reserving the
solar energy as chemical energy can avoid the instability from
light intensity fluctuations or the diurnal cycle. Benefiting from
intrinsic excellent electrical feature, solar rechargeable superca-
pacitors could provide continuous output of electric power with
tunable high power density.8!

Due to the low cost and the high efficiency, PSCs become
the most potential power supply source. In a traditional design,
PSCs and supercapacitors are connected by external circuits to
realize the integration of photoelectric conversion and electrical
energy storage.l””) The first configuration of solar-driven super-
capacitors, based on a state-of-the-art MAPDI; solar cell, was
demonstrated by Wang et al. (Figure 10a,b).?%! They combined
an energy pack containing MAPbI; solar cell and polypyrrole-
based supercapacitor in series, providing the overall conver-
sion efficiency of 10% and output voltage of 1.45 V from both
the supercapacitor and PSC. A supercapacitor with improved
performance was also prepared.’® The self-stacked solvated
graphene film as independent electrode is used to fabricate a
flexible solid supercapacitor, exhibiting a high specific capaci-
tance of 245 F gl at 1 A g! and retaining 83% of its original
values after 10 000 cycles. Three supercapacitors are further
connected with state-of-the-art perovskites through two-copper
wires, realizing the integration of photoelectric conversion and
electrical energy storage.
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Figure 10. a,b) Integrated energy pack connected by wires containing a MAPbl;-based solar cell and a polypyrrole-based supercapacitor. Reproduced
with permission.®d Copyright 2015, American Chemical Society. c,d) Integrated photo-supercapacitor used a nanocarbon co-anode. Reproduced
with permission.'™al Copyright 2018, The Royal Society of Chemistry. e,f) “Bamboo slip” architecture gathered five photocapacitors. Reproduced with

permission.%] Copyright 2018, Elsevier B.V.

The wire-connected separated pattern is quickly replaced by
sharing an electrode, as its low integration and waste of cost
and space are not compatible with future application. PEDOT-
carbon electrode was employed to bridge photoelectric conver-
sion unit and energy storage part by playing double functions
of both holes collector from perovskite and electrode materials
for redox supercapacitors.l%l The realized integrated photo-
supercapacitor delivers a maximum efficiency up to 4.70% with
a high energy storage efficiency of 73.77%. Co-anode photo-
supercapacitors also were frequently reported, including Janus
carbon paper,®® Ay, silver epoxy,'%?l carbon nanotube,!%3!
nanoporous carbons (Figure 10c,d).1% Furthermore, there still
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co-cathode system was applied, such as the fluorine-doped tin
oxide served as the cathode for both PSCs and electrochromic
supercapacitors.[1°!

The design and fabrication of photo-supercapacitor by inte-
grating a PSC unit and a supercapacitor unit into a single
device without wires are aiming to avoid unnecessary external
connections and promote the level of integration. However,
with the increasing demands of high operating voltage, high
output voltage of photo-supercapacitor becomes an important
parameter to pursue. Four individual photo-supercapacitors are
assembled together in series with an active area of 75 cm? and
delivered =3.8 V stable output voltage, which successfully drive
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Figure 1. a—d) Combination of the series perovskite cells with NiFe DLH/Ni foam electrodes for water splitting. a) Schematic diagram of the water-
splitting device. b) A generalized energy schematic of the series perovskite cells for water splitting. c) J-V curves of the series perovskite cell and the
NiFe/Ni foam electrodes in a two-electrode configuration. d) Current density—time curve of the integrated water splitting device without external bias.
Reproduced with permission.['8l Copyright 2014, American Association for the Advancement of Science. e-h) Configuration of perovskite/organic
tandem solar cells with NrGO/NCNT electrocatalyst for water splitting. Reproduced with permission.['"/l Copyright 2016, The Royal Society of Chemistry.

light-emitting diodes (LEDs) after being photo-charged.ll%]
Every monomer is made of carbon-counter electrode-based PSC
and MnO, asymmetric solid-state supercapacitor. A MAPDI;
PSC and supercapacitor are integrated with hybrid electrode of
CC-CoySg-MnO, on bi-polar TiO, nanotube arrays and woven
five photo-capacitors into “bamboo slip” architecture by silk
used as the “hide ropes,” as shown in Figure 10e,f.1% The
system ultimately achieved output voltage over 2.4 V, which is
enough to power the LED light and electric fan.

The solar rechargeable supercapacitors have great advan-
tages in promoting utilization of green energy and facilitating
the portable power supply technologies. From the developed
perspective of solar rechargeable supercapacitors, higher
voltage could help improving energy density, thus efficient high
voltage 2T-PBTSCs have the potential for achieving better inte-
grated devices.

3.2. Hydrogen Production by Solar Water-Splitting

Highly effective production and utilization of hydrogen based
on the water circle is the “Holy-Grail” of clean energy. In recent
years, solar water-splitting system has attracted a great atten-
tion, however, it still remains a great challenge to develop low-
cost and high efficiency devices. Theoretically, water-splitting
requires a thermodynamic driving force about 1.23 V, consid-
ering the unavoidable polarization, the practically operating
voltage is varied from 1.4 to 1.9 V.19 Single-junction solar
cells cannot provide such relatively high voltage, while tandem
devices could satisfy these demands.

Therefore, introducing serial connected solar cells with
a high voltage is a reasonable method to drive electrolysis of
water. Gritzel groupll®®l first made an attempt to design an
efficient water-splitting device by connecting two PSCs in
series. The solar cell module on the basis of state-of-the-art
MAPDI; absorber presents Vo of 2.00 V and PCE of 15.7%.
The predicted operating current density of the combined
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system gives a value of 10.0 mA cm™2, corresponding to a solar-
to-hydrogen efficiency of 12.3%, as shown in Figure 11a—d. Two
perovskite cells connecting in series could offer nearly 2.00 V
to drive water-splitting, showing great advantage over the low-
voltage cells, such as three-series silicon,'®® and I1I-V-based
solar cells.'% Tt is a great progress on the way to form an inte-
grated device system.

Hybrid perovskite tandem solar cells can push further
device integration, as demonstrated in Figure 11e-h.'"l The 2T
monolithic tandem architecture is constructed by a solution-
processed wide bandgap polymer top subcell and a perovskite
MAPDI; bottom cell, exhibiting Vo of 1.86 V and PCE of
11.28%. Effective nonprecious electrocatalyst for hydrogen evo-
lution and oxygen evolution in an alkaline medium is combined
with the tandem solar cells to fabricate the integrated water-
splitting device, showing a high overall efficiency of 9.02% for
solar-to-hydrogen conversion.

Based on the previous investigations, the device integration
from multiple single-junction cells to monolithic tandem cells
is feasible. The tandem solar cells can provide high enough
output voltage with improved PCE. Especially, the 2T PSC-
based tandem solar cells could satisfy the voltage requirement
for water-splitting directly, as well as achieving photo-electro-
chemical conversion in an integration device.

3.3. Solar-Driven Conversion of Carbon Dioxide

CO, reduction is an efficient approach to acquire useful chemi-
cals and fuels mainly as CO and hydrocarbon oxygen, which
also makes great contribution to decreasing the concentration
of CO, in the atmosphere simultaneously. When driving by
solar energy, this conversion process would be extremely attrac-
tive as an artificial photosynthesis conception. Since the driving
voltage demand is too high to be afforded by merely single-
junction solar cells, resorting to tandem solar cells would be a
rational choice.
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Figure 12. a,b) Series-connected three perovskite cells-driven CO, reduction system. a) Schematic diagram; b) J-V curves of three series-connected
perovskite cells under simulated AM 1.5G 1 Sun solar irradiation and in the dark, overlaid with the matched J-V characteristic of the CO,-reduction and
oxygen-evolution electrodes. Reproduced with permission.["2 Copyright 2015, Springer Nature. c,d) GalnP,/GaAs/Ge tandem solar cells-driven CO,
reduction system. c) Schematic diagram; d) J-V curves of the GalnP,/GaAs/Ge tandem solar cell under simulated AM 1.5 G 1 Sun solar irradiation.

Reproduced with permission.["®l Copyright 2020, Wiley.

The reduction chemicals have kinds of types, such as CO,
HCOOH, CH;0H, CH,, C,H,, C,HsOH, CH;COOH, C;H;O.
In the CO,-to-CO conversion process, apart from the thermo-
dynamic potential 1.34 V for the cathode reduction and water
oxidation at the anode, extra overpotential for C,, product
formation and water oxidation are acquired. Consequently,
the device must provide a resulting voltage of at least 2 V or
more to driven the system work."!l Single-junction solar cells
hardly afford the high working voltage, so the series-connected
solar cells used for CO, reduction system arise at the historic
moment. PSCs were applied to the CO, conversion in a series
of three junctions initially with V¢ of 3.1V, and finally a solar-
to-CO efficiency about 6.5%,"2l shown as Figure 12a,b. How-
ever, the series solar cells have decreased trebly the - and PCE
because of the increased irradiation area.

There could be a better choice to supply the voltage by
introducing a tandem solar cell, which can markedly simplify
the device structure and decrease the fabrication cost. The
three-junction GalnP,/GaAs/Ge solar cells are commonly
used for driving elements, accompanying by a sufficient V¢
of 2.5 V and a high Js¢ greater than 14 mA cm=283] In the
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tandem solar cell-driven system, the operating current was
observed to be 13.1 mA cm™ from the intersection point,
hence the solar-to-CO efficiency reached 15.5%, very close to
the maximum power point for the solar-to-electric energy con-
version, shown as Figure 12¢,d. Recently, Tan et al. report an
all-perovskite triple-junction solar cells with PCEs over 20%
and Ve up to 2.80 V. Simultaneously, Janssen and co-
workers present a triple-junction perovskite tandem, showing
very promising PCE of 16.8%, with a V¢ of 2.78 V.'I Given
the rapid progress in triple-junction perovskite tandem cells, it
is anticipated that the perovskite-driven conversion of carbon
dioxide with high efficiency and low cost could be achieved in
the near future.

3.4. Solar Rechargeable Batteries
High energy rechargeable batteries are common and impor-
tant energy storage devices in our society. The infinite solar

energy could be converted to chemical energy, which would be
directly stored into battery systems for subsequent utilization.

© 2021 Wiley-VCH GmbH
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Figure 13. Developed photo-charge batteries. a,b) Integrated solar-rechargeable PSC-lithium-ion battery. Reproduced with permission.["®l Copyright
2020, Springer Nature. c,d) Integrated solar-rechargeable PSC-lithium-sulfur battery. Reproduced with permission.l"”l Copyright 2019, Wiley. e,f) Inte-
grated solar-rechargeable PSC-aluminum-ion battery. Reproduced with permission."® Copyright 2019, Wiley. g,h) Integrated solar-rechargeable PSC-
sodium-ion battery. Reproduced with permission.["®l Copyright 2019, Elsevier B. V.

Therefore, constructing integrated solar rechargeable batteries
is a feasible strategy for energy conversion and storage.

Typically, a full cell of lithium-ion batteries with a low voltage
range of 1.0-2.6 V is assembled with LiFePO, cathode and
Li,TisO;, anode in 1 M LiFPg carbonate-based electrolytel!°]
(Figure 13a,b). Four MAPDI; solar cells are connected as a
power supply unit with high output voltage of 3.84 V. Such
structure design can work to directly photo-charge the lithium-
ion cell with overall conversion and storage efficiency of 780%.
Cycling stability is maintained at a high level with the first ten
photo-charge and galvanostatic discharge cycles (79.49% initial
capacity, =2.05% decay per cycle). Nevertheless, the long-term
operation stability still needs further improvement for potential
application.

High-energy lithium-sulfur battery has attracted a lot of
attention in recent years, which is also introduced into the
photo-charge system by combining three MAPDI; solar cells as
energy supply unit with efficiency of more than 12% and high
Voc of 2.8 V, as depicted in Figure 13¢,d."” The integrated solar-
driven rechargeable lithium-sulfur battery system is fabricated
by joint carbon electrode instead of external wires, indicating
an advantage for potential application because of simple struc-
ture, and high integration. Moreover, the highest overall energy
conversion efficiency of 5.14% can be realized for the integrated
device with the specific capacity of 750 mAh gl Actually, the
photo-charge battery system can be further extended to Al-ion
battery'®l (Figure 13e,f), and Na-ion battery™ (Figure 13gh).
The researchers also establish photo-charging battery system
by combining wire-connected PSCs unit to obtain high charge
voltage.

On this basis, monolithic tandem solar cell, a simple and
efficient approach, become the next-generation candidate with
higher voltage to supply energy for suitable electrochemical
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redox couples. On this basis, rechargeable batteries can store
more solar energy as chemical energy, and release the chemical
energy as electric energy for supplies. From the perspective
of industrialization, 2T-PBTSCs can be used to photo-charge
batteries without extra wires. The integrated device is looking
forward to further improve the photo-electric conversion and
storage efficiency.

4. Summary and Outlook

Tandem solar cells with high voltage and high efficiency have
attracted world-wide attention, especially when combined
with the efficient PSCs. Herein in this review, we present a
practical perspective of high voltage obtained by tandem solar
cells, particularly the 2T-PBTSCs. Since voltage is attributed to
the energy level of electrons of key storage materials, the high
voltage of PSCs and the derived 2T-PBTSCs is of great signifi-
cance for subsequent application for energy conversion and
storage. When applied in hydrogen production by solar water-
splitting, CO, reduction systems, capacitors, and rechargeable
batteries, 2T-PBTSCs could provide high voltage to ensure
solar conversion to chemical fuels or chemical energy stored in
power sources. We could predict optimistically that those effi-
cient and high-voltage 2T-PBTSCs would play an indispensable
role in high efficient energy conversion and storage for future
“Internet of Things” society.

Although the 2T-PBTSCs show an encouraging trend on
output voltage and efficiency, there are still some key chal-
lenges to face in future research: Effective CRL needs to be
explored with higher transparency and minimal losses. Sta-
bility challenges also remain, such as water, air, temperature,
or illumination, especially, long-term stable working voltage.

© 2021 Wiley-VCH GmbH
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Meanwhile, the manufacture technique of monolithic inter-
connection should be promoted for effective 2T-PBTSCs-based
integrated devices.

There is no doubt that PSC is a rising star in photovoltaic
filed in the past decade with fruitful achievements. The next
movement of PSC is definitely toward commercial applica-
tion, which means higher efficiency, practicability, and low
cost. Along with further related researches, we believe highly
efficient and low-cost tandem devices could be achieved and
2T-PBTSCs would have broader applications. Some suggestions
and perspective are tentatively proposed for the future possible
directions:

1) Investigation of new materials. In spite of highly efficient
PSCs achieved in the past, the key issue of stability will deter-
mine whether PSCs could culminate at commercialization,
similar to Si-based solar cells. Especially, the resistance toward
moisture, oxygen, light, thermal, and mechanical damage
would be fateful for the future development of PSCs. Besides,
could the toxic Pb be fully replaced by environmental-friendly
elements? Those topics call in-depth revolution of new mate-
rials for PSCs and PSCs-based tandem devices.

2) Development of new technologies. The spin-coating method
is still widely used for highly efficient PSCs, which could
hardly be applied in industry production. New technologies
originated from interdisciplinary technologies, especially
semiconductor industry and nanotechnology, should be
introduced into PSCs and PSCs-based tandem devices, in
order to face the complexity on the working mechanism, key
materials, and cell structure.

3) Exploration of new mechanisms. Besides the chasing of high
efficiency, PSCs-based tandem devices have special advantages
in energy conversion/storage. In particular, the integrated
devices can be fabricated effectively from SCs-based tandem
solar cells as an excitation source unit and energy conversion
and storage devices as an application source unit. Herein, new
working mechanisms should be explored based on the voltage
matching, energy matching, and efficiency matching princi-
ples for various energy conversion/storage applications.
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