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General introduction

The demand for electricity is growing steadily, and conventional energies are pol-
luting and exhaustible, hence the interest in developing renewable energies. In-
deed, several photovoltaic technologies have emerged. They are classified into four
major generations [1].

The first generation, which includes monocrystalline and polycrystalline silicon
technologies, represents 90% of the global market share [2]. Thin-film solar cells con-
stitute the second-generation technologies and have shown interesting performance
with lower costs than their predecessors. The third generation brings together the tech-
nologies of organic solar cells, such as dye cells, polymer cells, and perovskite solar
cells. The last generation is called hybrid and contains multijunctions, among others.

The tandem configuration is an attractive alternative, which was proposed to
further improve the performance of these solar cells at reasonable costs, while en-
hancing their competitiveness with conventional power sources [3].

The recently emerging perovskite solar cells show great potential and are con-
sidered to be the future of photovoltaics. Today, their record efficiency exceeds 25%,
thanks to the wide choice of materials and to the simple, low-temperature process.

Since 2014, perovskite solar cells have demonstrated that they are perfectly
suited to sub-cells over solar cells of other technologies, thanks to their compatible
characteristics. In addition, these tandem solar cells based on perovskite sub-cells
have shown a significant improvement in efficiency. Today, perovskite—silicon solar
cells have achieved a record efficiency of 29.1%, and research continues to further
records and innovations.

The aim of this book is to present the state of the art of perovskite solar cell
technologies in single junction or in tandem configuration. The first chapter is devoted
to perovskite solar cells, their characteristics, their structures, and principles of fabri-
cation, as well as their scientific progress. The second one is dedicated to perovskite
solar cell fabrication methods, including solvent process deposition, vapor deposition,
and combined processes. The third chapter is about the perovskite/perovskite tandem
solar cells and the perovskite/copper indium gallium di-selenide tandem solar cells,
while detailing the fundamental of the tandem device and the best tandem configura-
tions. Finally, the fourth chapter deals with the most attractive combination that inter-
ests several researchers and industrials, which is the perovskite/silicon heterojunction
solar cells. This class of solar cells will be detailed from the principle to the most effi-
cient devices.

https://doi.org/10.1515/9783110760613-001

printed on 2/13/2023 2:25 AMvia . All use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110760613-001

EBSCChost -

Chapter 1
Perovskite-based solar cells

1 Introduction

Several materials are under development in order to further make photovoltaic technol-
ogies competitive with conventional energies. This chapter is dedicated to perovskite-
based solar cells, with a focus on their component materials, characteristics, structures,
and principle of operation, as well as their scientific progress.

2 Perovskites

Since 2009, hybrid perovskites, consisting of both organic and inorganic groups, have
become attractive absorbers for third-generation solar cells with high efficiencies ex-
ceeding 25% [4, 5].

Perovskites refer to a family of materials of formula ABX; with a crystal structure
similar to that of calcium titanium oxide (CaTiOs) called perovskite. Hybrid perov-
skites are a subfamily of the ABX; perovskites. They are the result of the combination
of the organic cations A of type (R-NH;), a divalent metal B of group IV smaller than
A, and a halide X or combination of halides, forming a three-dimensional (3D) inor-
ganic structure that contains the organic cation [6].

3 Crystal structure of the hybrid perovskite

As shown in Figure 1, in the perovskite structure, B is a metal cation forming BX¢
octahedra with X anions. These octahedra touch at the vertices forming a 3D network.
Cations A are located in the interstices between the BXy octahedra [7]. The crystalline
structure of the perovskite depends strongly on the elements used [7, 8].

X W >

Figure 1: Crystalline structure of the hybrid perovskite.
Source: Reprinted with permission from Dian Wang,
Matthew Wright, Naveen Kumar Elumalai, Ashraf Uddin,
Stability of perovskite solar cells, Solar Energy Materials
and Solar Cells, Vol. 147, p. 255-275, Copyright (2016),
b with permission from Elsevier.

https://doi.org/10.1515/9783110760613-002
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4 Characteristics of perovskites =— 3

Indeed, the atoms and molecules used to form the hybrid perovskites are those
who obey to the Goldschmidt tolerance factor, according to the equation:

(RA +Rx)

- \/T(RB +Rx)

where R,, Rg, and Ry are the ionic radii of A, B, and X, respectively.

Indeed, the cubic structure is the most stable perovskite structure with a tolerance
factor between 0.9 and 1, which is well suited for solar applications. Furthermore, for
a tolerance between 0.8 and 0.9, the perovskite structure becomes distorted, giving
less symmetric structures. However, when the tolerance factor becomes less than 0.8
or higher than 1, a nonperovskite structure is formed [9, 10].

Indeed, the atoms and compounds that meet the requirements of their crystal-
line structure and offer optical bandgaps suitable for semiconductors are listed below
[4,6,9]:

A: Methylammonium CH5NH5;" (MA), formamidinium HC(NH,)," (FA), and ce-

sium (Cs)

B: Lead (Pb) and tin (Sn)

X: I, Br, Cl, or mixture of two halides

4 Characteristics of perovskites

The properties of perovskite depend on the materials used and their fabrication history.
On the other hand, the family of hybrid perovskites has some striking characteristics,
namely:

— Absorption of wavelengths up to 800 nm as shown in Figure 2 [7, 11, 12]

— A direct bandgap between 1.30 and 2.23 eV [4, 7, 11, 13]

— Possibility of adjusting their optical bandgaps by an appropriate selection of
mixed cations and halides as shown in Figure 3 [7, 12]

— Good separation of electrical charges, which explains their high open-circuit
voltages (V,.) up to 1.31 V [14]. Indeed, thanks to the spontaneous electric polar-
ization of the perovskites, internal electric fields are induced, which makes it
possible to separate the photoexcited charge carriers, while reducing their re-
combination [7].

— High charge-carrier mobilities, of the order of 7.5 cm?/Vs for the holes and
12.5 cm?/Vs for electrons, measured at terahertz TH;, frequencies [7]

— Good light absorption, which explains the high short-circuit current density (/)
values, up to 23 mA/cm? [7]

- Large absorption coefficient, which is of the order of 1.5x 10* cm™ at a wave-
length of 550 nm [6]

— High diffusion lengths for holes and electrons, reaching 100 nm for methylam-
monium lead iodide (MAPbI;) and exceeding 1 pm for MAPbI;_,Cl, [6, 7]
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Figure 2: The absorption spectrum of the perovskite CH3NH3Pb_x)Snxls.
Source: Reprinted with permission from Reprinted with permission from Q. Chen, N. De Marco,
Y. Michael, T. Song, C. Chen, and H. Zhao, “Under the spotlight: The organic — inorganic hybrid
halide perovskite for optoelectronic applications,” Nano Today, vol. 10, no. 3, p. 355-396, 2015.
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Figure 3: Optical bandgap for the perovskite CHsNH3Snls_,Br,.
Source: Reprinted with permission from Springer Nature Customer Service Centre GmbH: Nature,

Nature Photonics, Lead-free solid-state organic—inorganic halide perovskite solar cells, HAO, Feng,
STOUMPOS, Constantinos C., CAO, Duyen Hanh, et al., 2014, vol. 8, no 6, p. 489-494.15. Copyright

© 2014, Nature Publishing Group.
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5 Structure of solar cells based on perovskites
5.1 Evolution of the structure of perovskite-based solar cells

Perovskite materials were primarily used in dye-sensitized solar cells (DSSCs) to re-
place conventional dyes, leading to perovskite-sensitized solar cell [15]. They showed
a higher performance compared to the ruthenium-N719 dye used in DSSCs [16]. How-
ever, the use of liquid electrolytes in this type of solar cells, unfortunately, affects their
stability. Moreover, the corrosive nature of the redox couple can also cause damage to
the devices [17]. Furthermore, leakage and solvent evaporation can occur, which hin-
ders the progress of this technology. Later, the meso-superstructured solar cell (MSSC)
was proposed to reduce losses in the DSSCs, in which a very thin perovskite layer envel-
ops the surface of mesoporous TiO, or Al,O; films [18]. In this structure, an open-circuit
voltage of 1.1 eV was achieved for a perovskite absorber with a band gap of 1.55 eV.
Nevertheless, shunt and series resistances of MSSC were an obstacle to the performance
of the device and remain to be optimized [18]. Afterward, the mesoporous structure was
developed, where the perovskite covers the surface of the TiO, nanoparticles (NPs)
while filling the pores of the mesoporous TiO, film [19]. In this structure, the collection
of electrons became easier, since the contact area between the electron transporting
layer (ETL) and the perovskite increased [20]. Moreover, it exhibits less hysteresis and
better performance than planar architecture [21-23]. Nevertheless, the fabrication of
the mesoporous oxide and the compact TiO, requires high temperature (T) up to
500 °C [24], which could raise the manufacturing cost of this kind of solar cells.

Finally, the planar perovskite solar cells were developed, where the perovskite
layer is sandwiched between an n-type and p-type layers [4]. This structure does
not require mesoporous TiO, or high processing temperatures like the mesoporous
structure [25, 26]. Nevertheless, the efficiencies of this kind of solar cells are similar
to those of the mesoporous structure [24-26].

The evolution of the structure of perovskite-based solar cells is presented in
Figure 4.

5.2 Description of the structure of the perovskite solar cell

The planar perovskite solar cell is similar to the p-i-n structure, as shown in Figure 5.
It is composed of three main layers, namely:

a. A light absorber: hybrid perovskite [6, 7]

b. An electron transport layer: n-type semiconductor [6, 7]

c. A hole transport layer: p-type semiconductor [6, 7]

Besides the transparent conductive oxide (TCO)-coated glass and the metallic contact,
other layers can be added to the standard structure to enhance the performance of the
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Figure 4: Evolution of the perovskite-based solar cell structure.
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_ Figure 5: Standard structure of perovskite solar cell.

perovskite solar cells. Indeed, antireflective coatings were recommended to reduce
losses, namely, magnesium fluoride [27] and lithium fluoride [28]. These investigations
demonstrated an improvement of the efficiency of the solar cell up to 3% [29].

5.3 The components of the perovskite solar cell

5.3.1 Absorbers

Several types of absorbers from the perovskite family have been used in solar cells.
The combination between different cations (A), metals (B), and halides (X), constitut-
ing perovskite, gives various parameters and performances.
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Indeed, research has shown that perovskites based on tin (Sn) are very unstable,
due to the instability of Sn** ions that easily transform into Sn** [30]. In addition,
these methylammonium tin halide (MASnXs;) perovskites have optical bandgaps be-
tween 1.2 and 1.4 eV [7] and achieved recently 10.18% as the highest reported effi-
ciency for pure tin halide-based Perovskite solar cells (PSCs) [31], which is lower than
those reported for perovskites based on lead. Indeed, methylammonium lead halides
(MAPDX;) have an optical gap between 1.5 and 1.8 eV and lead to an efficiency of up
to 21.38% [7, 32]. This is why lead-based perovskites are best suited for solar cells [6].

In the beginning of the perovskite solar cell technology, only the single halides
were investigated. Indeed, MAPbI; was the most studied perovskite absorber with a
maximum efficiency of 10.9% at the end of 2012 [6]. Furthermore, the perovskite
based on bromine (Br) is known by its high bandgap and its improvement of solar cell
efficiency and stability [7]. However, the combination of two halides provided better
performances [33]. Indeed, perovskites containing iodide and chloride demonstrated
an efficiency of 12.7% with a high diffusion length and improved stability compared
to those containing only iodide [34]. Recently, a reported efficiency of 19.30% was
achieved [35]. Furthermore, to improve the standard perovskite composition MAPbI;,
a partial substitution of the iodine by the Br was investigated and showed an en-
hancement of the efficiency and stability since its first demonstration by Noh et al.,
where 12.3% was reached in 2013 [36]. Later, this mixed-halide perovskites combining
iodine (I) and Br with the formulation of methylammonium lead bromide-iodide
(MAPbDI,Br;_,) having bandgaps between 1.48 and 2.23 eV [7] achieved high certified
efficiency up to 16.2% [13].

The hybrid perovskite MAPbI; has an optical bandgap between 1.51 and 1.55 eV
[7]. When the MA cation is replaced by the FA, the optical bandgap decreases be-
tween 1.43 and 1.48 eV [7] and leads to efficiencies higher than 21% [37]. However,
the perovskite containing Cs as cation and Br as halide, with the formula CsPbBr;
and a wide bandgap of 2.25 eV, resulted in low efficiency of 5.95% in 2015 and
evolved to less than 10% [38]. This is why this combination of atoms is not ideal for
photovoltaic cells. On the other hand, iodide CsPbl; has a bandgap of 1.73 eV and
good properties suitable for photovoltaic cells [33]. Recently, the CsPbls-based pe-
rovskite solar cells reached an efficiency of 18.4%, which is still quite limited due to
the high bandgap [39].

The combination of two different cations offers interesting performances. In-
deed, the best perovskite solar cells contain mixed organic cations (MA and FA)
and mixed halides (Br and I) [33]. The first mixed perovskite cation with the formula
(MA),(FA),_Pbl; resulted in an efficiency of 14.9% [7], and recently, FAq 9,MA 0gPbls
achieved better efficiencies up to 23.7% [40]. Furthermore, perovskite with mixed cat-
ion and halide offered an efficiency of 20.8% for MA, 17FA¢.g3Pb(Io 3Bro 17)5 [33] and
up to 23.95% for (MA),(FA),_PbLBr;_, [41].

In addition, MAPbI; perovskite doped with Cs reached an efficiency of 7.68% in
the beginning [7], and in the end of 2016, an efficiency of 18.1% was achieved with
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Cso.00MAg o1Pbl; [42]. However, when Cs is mixed with FA cation, an efficiency of
16.5% was reached [33], and recently, a record efficiency of 21.60% was reported [41].

One of the interesting approaches is to combine Cs with the two organic cations
MA and FA to have a triple cation configuration (Cs/MA/FA), this approach yielded
efficiencies of up to 21.1%, with a very particular combination; Cs,(MA 17FA¢.83)(1-x)
Pb(Io.83Br0.17)5 [33, 41], and 21.4% with Cs.05(MA¢ 17FA¢.83)0.95Pb(0.84Br0.16)3 as an
absorber [40]. In addition, other combination of tree cations yielded the highest effi-
ciency of 21.9% using Csg.osFAg giMAg 14Pbl, 55Brg 45 as the active layer [43]. Further-
more, this triple cation configuration provides thermally stable and reproducible
perovskite films.

Recently, rubidium cation (Rb) received great attention since Rb-mixed perov-
skite offers enhanced efficiency and stability of the solar devices. Indeed, Parck et al.
reported Rb,(FA),_,Pbl; perovskite solar cells with a PCE of 16.2% [44]. Furthermore,
the incorporation of the Rb with Cs, MA, and FA cations leads to stabilized efficiency
of 21.6% [45].

However, when MA is substituted by a larger cation such as ethylammonium
(EA), the structure of the perovskite changes completely, from a 3D structure to a
two-dimensional (2D) one, which is more resistant to exposure to solar radiation [7].
Table 1 summarizes the highest efficiencies of the perovskite-based solar cells men-
tioned in this section.

Table 1: The highest efficiencies of the perovskite-based solar cells.

Perovskite absorber Efficiency Reference
MASNX; 10.18% [31]
MAPbX3 21.38% [32]
MAPb(CL,1)3 19.30% [35]
MAPbI,Brs_ 16.2% [13]
FAPbI5 21.07% 137]
CsPbBr3 9.65% [38]
CsPbls 18.4% [39]
FAo.92MA.0Pbl5 23.7% [40]
MAq.17FA0.83Pb(l0.83Br0.17)3 20.8% [19]
(MA),(FA); _xPbl,Brs_, 23.95% [41]
Cs0.09MA.91Pbl3 18.1% [42]
FA0.95CS0.05Pbl3 21.6% [41]
Csx(MAg 17FA¢ 83)(1-xPb(l0.83Br0.17)3 21.1% [19, 41]
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Table 1 (continued)

Perovskite absorber Efficiency Reference
C50.05(MAg.17FA0.83)0.95Pb(l0.84Br0.16)3 21.4% [40]
Cs0.05FA0.81MA¢.14Pbl3.55Bro 45 21.9% [43]
Rb,(FA);_xPbls 16.2% [44]
RbCsFAMAPb(1,Br); 21.6% [45]

5.3.2 Electron transporting layer

The ETL is used, as its name indicates to transport electrons efficiently from the perov-
skite absorber layer to the corresponding electrodes. This layer is considered at the
same time as a hole blocking layer from perovskite to the Fluorine-doped Tin Oxide
(FTO) contact in the planar perovskite solar cell, as shown in Figure 6 [23].

0
—(©

Energy
Perovskite

Figure 6: The role of the ETL on the movement of the
electrons and holes.

For high-performance solar cells, materials used as ETL should meet a number of
criteria, namely good electron mobility to facilitate the electron transportation, a high
transparency in order to maximize light absorption in the perovskite materials, and
compatible conduction band minimum (CBM) and valence band maximum (VBM)
with those of the perovskite material in order to facilitate electron transfer and block
hole transport from the perovskite layer as shown in Figure 6. Furthermore, the ETL
should also limit reflection and light scattering, in order to increase the light harvest-
ing of the perovskite absorbers [23].

Several materials have been used as ETL for the PSCs. They can be distinguished
by their nature, notably metal oxide ETL such as titanium dioxide (TiO,), zinc oxide
(Zn0), tin dioxide (Sn0,), Si0,, Zr0,, and organic ETL like PEHT, PBCM [46].
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5.3.2.1 Metal oxide ETL

The metal oxides were widely investigated as ETL in PSCs. TiO, is the most used one
since the appearance of the PSCs. This metal oxide has a high bandgap of about
3.2 eV, which minimizes the parasitic absorption, and a good electron mobility of
1cm?/V s [23]. Furthermore, the TiO, CBM and VBM are lower compared to the energy
levels of the perovskite absorber [23]. This promotes the transport of electrons from
the perovskite to the ETL and at the same time works as a hole blocker as already
explained.

Perovskite solar cells using TiO, as ETL have experienced a steady increase in
efficiency starting with 5% [47] and reaching above 23% in the last years [40]. This
efficiency improvement is related strongly to the fabrication method and the thickness
of the TiO, and its structure, whether it is compact, mesoporous, or combination of
both of them in the same configuration.

ZnO has attracted particular attention as an alternative to TiO, since it offers
higher electron mobility up to 200 cm?/V s [23]. Furthermore, it has the same bandgap
as TiO, with a CBM and VBM lower than those of the perovskite absorber also [23]. In
addition to these properties, ZnO is simple to synthesize at low temperatures which is
suitable for flexible devices [48] and thus contributes to lower the costs. ZnO-based
PSC yielded an efficiency of 15%; nevertheless, the thermal stability of the perovskite
deposited on this oxide remains to be improved [49, 50]. Recently, the best efficiency
of PSC with ZnO as ETL is reported to be around 17.7%, which still lower than that
obtained with TiO, [23].

Moreover, Al-doped ZnO called AZO has an electron mobility higher than ZnO
[48]. It was also used as an ETL, as well as TCO, thus allowing a simplified structure
of solar cells as shown in Figure 7 for the case of glass/AZO/perovskite/spiro-
OMeTAD/Au solar cell [49]. This type of structure offered an efficiency of 12.6% and
good thermal stability compared to intrinsic ZnO. Furthermore, PSCs using AZO as
ETL attained efficiencies up to 15.7% as reported by Liu et al. [23], and 17.6% with the
following configuration indium tin oxide (ITO)/AZO/MAPbI;/spiro-OMeTAD [48].

Au

Spiro-Ometad

Perovskite

Figure 7: Perovskite solar cell structure containing AZO as TCO
and electron transporting layer.

Glass

Besides, SnO, has similar or improved performance compared to TiO, [49]. Neverthe-
less, solar cells containing titanium oxide as the electron transporting material (ETM)
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degrade by ultraviolet radiation. However, SnO, makes it possible to have stable solar
cells during exposure to solar radiation [51], with high efficiency up to 23.2% [52].

5.3.2.2 Organic ETL

Besides metal oxides, organic materials have also been investigated and used as
ETL, namely, fullerene and its derivatives. Indeed, C70 and C60 ETL-based perov-
skite solar cells achieve a reported efficiency of 10.4% and 11.4%, respectively [48].
Other researchers demonstrated higher efficiency of 13.6% and 15.1%, respectively,
for C70- and C60-based perovskite solar cell [23, 48]. Moreover, the other derivative
of the fullerene called [6,6]-phenyl C61 butyric acid methyl ester (PCBM) is consider-
ably used as ETL for PSCs with good efficiency up to 20.20% [41]. The PCBM is com-
monly used with PEDOT:PSS as HTL in the PSC structure [48].

Nevertheless, the electron mobility in C60 and PCBM is lower than TiO,. Fur-
thermore, the positions of the valence band of both of them are higher than that of
TiO, leading to lower hole blocking ability [48]. In addition, the fullerene molecules
of PCBM are sensitive to water and oxygen, which lead to degradation of the device
[48]. However, it can be used as a passivation layer for inorganic-based ETL: TiO,,
Zn0, and SnO0,. The use of this passivation layer demonstrated higher efficiency
and lower hysteresis effect [23].

5.3.3 Hole transporting layer

A hole transporting layer (HTL) is a thin film deposited on the perovskite absorber
in order to collect and transport holes from the perovskite layer to the back contact
of the solar cells.

The use of hole transporting materials makes it possible to improve the perfor-
mance of the perovskite solar cells. In fact, a solar cell without an HTL gave an effi-
ciency of 7.3%, with a gold (Au) film as a rear contact [7]. However, when the
(2,2'7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene) (spiro-
OMeTAD) was added to the structure of the perovskite solar cell, higher efficiencies
on the order of 9.7% were reached [7].

To obtain high-performance solar cells, materials used as HTL should demonstrate
a number of properties, namely high hole mobility, good light absorption in the visible
and near-infrared spectrum, and adequate photochemical stability. In addition, the
highest occupied molecular orbital energy levels should be slightly above the valence
band energy of perovskite materials to facilitate the injection of holes at the interface,
and the lowest unoccupied molecular orbital energy level should effectively block re-
combination between electrons in perovskite and holes in HTLs [53, 54].

Various organic and inorganic materials have been explored as HTLs toward
efficient PSCs.
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5.3.3.1 Organic HTLs

The spiro-OMeTAD has been the first material used as HTL for perovskite solar cells
[40]. It is an amorphous organic p-type semiconductor with a large bandgap between
3 and 3.6 eV [55]. It is considered as the most efficient HTL with good efficiency and
better stability, thanks to its hydrophobic nature [56].

Indeed, spiro-OMeTAD-based perovskite solar cells are in continuous progress,
and they achieved high efficiency of 21.3% [53]. However, the high cost and synthesis
difficulties are the major disadvantages related to this HTL material [53, 54]. Further-
more, to improve the efficiency of the spiro-OMeTAD-based perovskite solar cells, dop-
ants are recommended to enhance the hole mobility and the conductivity of the HTL
and thus the efficiency of the resulting solar cells [54]. Indeed, the molecules usually
used to dope and boost the performance of the spiro-OMeTAD are lithium bis(trifluor-
omethanesulfonyl)imide salt (LiTFSI) and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt(IIl)tri[bis(trifluoromethane) sulfonimide] (Co[t-BuPyPz|3[TFSI]|3), also called FK
209 [54].

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was the first polymer used
as HTL for perovskite solar cells, since it has high hole mobility of 102-10> cm?/V s
compared to other polymers, leading to an efficiency of 22.7% and improved stability
compared to the PEDOT:PSS [40, 54]. However, it is very expensive (2,000 $/g) com-
pared to the spiro-OMeTAD itself [54].

Another well-known conjugated polymer is the poly(3,4-ethylenedioxythiophene)
(DEPOT:PSS) doped with polystyrene sulfonate (PSS), which is widely used as an HTL
for perovskite solar cells, especially for inverted planar architectures [56]. It resulted in
efficiencies of up to 18.1%, since it has a good conductivity and a work function com-
patible with the valence band of the perovskite, and it can be processed at low temper-
ature [40, 54]. However, its low stability in ambient condition limits its use due to its
hygroscopic property [40, 54], and it leads to a lower open-circuit voltage V,. com-
pared to spiro-OMeTAD [56].

Poly(3-hexylthiophene-2,5-diyl):(P3HT) is a low-cost polymer used as a hole
transporting material in perovskite solar cells [56]. In addition, when gold nanopar-
ticles (Au NPs) are added to the matrix of P3HT, the efficiency of the perovskite solar
cell increases from 7.81% to 10.71% [56]. This result is explained by the increase of
the electrical conductivity and the mobility of the carriers, which become four times
higher than those of the film containing P3HT alone. Recently, 13% efficiency is
achieved for P3HT-based PSCs [54].

5.3.3.2 Inorganic HTLs

Copper-based materials are one of the used inorganic HTLs for perovskite solar cell.
Indeed, copper iodide (Cul), which is one of this class of cheaper HTL, resulted in an
interesting fill factor and a more stable current density than spiro-OMeTAD. However,
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the open-circuit voltage V. of the Cul-based PSCs is lower than that of spiro-OMeTAD
based solar cells, which limits the efficiency of the solar cell to only 8.3% [57, 58].

In addition, cuprous oxide (Cu,0) has a high hole mobility, and it is considered
as the low-cost and ecological material [54]. Moreover, the use of Cu,0 and cupric
oxide (CuO) as HTL in the PSCs showed higher efficiency of 13.35% and 12.6%, re-
spectively [57]. Nevertheless, their relatively low bandgap (1.2 and 2.1 eV for CuO and
Cu,0, respectively) leads to optical losses for the solar cells [40]. Furthermore, CuO,
has demonstrated improved stability for perovskite solar cells, as they retain 90% of
their initial efficiency after 70 days of storage [57].

Moreover, nickel oxide (NiO) is considered as a low-cost material and abundant
one, which exhibits wide bandgap, high chemical stability, and good transparency
leading to high efficiency up to 16.4% for inverted planar PSCs [54, 59]. Further-
more, copper-doped NiO, (Cu:NiO,) exhibited high conductivity of 1.25 x 10 S/cm
and resulted in efficiencies of 17.74%, which is higher than those based on undoped
NiO [53].

Furthermore, copper thiocyanate (CuSCN) was one of the first inorganic HTLs
used for perovskite solar cells. Indeed, Gratzel et al. reported a great enhancement
of the efficiency of the PSCs using CuSCN as an HTL. They reported an efficiency of
12.4% in 2014, compared to 9% of the reference solar cell without HTL [54]. In addi-
tion, Nazeeruddin et al. also reported a significant improvement from 9.5% to 16%
for the PSCs without HTL and with CuSCN, respectively [54]. Moreover, CuSCN offers
high transparency in both visible and infrared regions in addition to a high mobility,
resulting in efficiencies up to 20.4% [57]. In addition, perovskite solar cells based on
CuSCN are highly stable compared to those based on spiro-OMeTAD as they maintain
60% of their initial efficiency compared to only 25% for spiro-OMeTAD-based perov-
skite solar cells in the same conditions [54].

In brief, inorganic HTL-based perovskite solar cells lead to high efficiency and
improved stability; however, they require high-temperature processes compared to
those based on the organic HTLs [53].

5.3.4 Metal contacts

Au and silver (Ag) have high conductivity and reflectivity. They are the most fre-
quently used metal contacts as a back contact in perovskite solar cells. Neverthe-
less, Ag is reactive with perovskite absorbers [60].

5.3.5 Substrates

Perovskite solar cells have offered the possibility to use substrates other than glass,
and more specifically transparent flexible substrates, such as poly(ethyleneterephtha-
late) (PET)/ITO, polyethylenenaphthalate (PEN)/ITO, PET/IZO, PET/AZO/Ag/AZO [7].
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5.4 Structures of the perovskite solar cells

The stacking of solar cell components and their natures distinguish one solar cell
structure from another. Indeed, there are structures without transport layer neither
for electrons nor for holes [7]. Since perovskites are ambipolar, they allow the con-
duction of both electrons and holes [6]. In addition, perovskite solar cells can have
two configurations such as p-i-n or n-i-p, as presented in Figure 8 [6, 7]. However, the
most efficient perovskite solar cells are those with a p-i-n configuration [7].

a) b)
Metal Metal
Hole transport layer Electron transport layer
Perovskite Perovskite
Electron transport layer Hole transport layer
TCO TCO
Glass Glass

Figure 8: Perovskite solar cell structures (a) n-i-p and (b) p-i-n configurations, respectively.

Furthermore, perovskite solar cell structures can be classified according to the types
of ETL and HTL used. According to this classification, there are four structures,
namely:

5.4.1 Inorganic n-type/perovskite/organic p-type

This structure gave an efficiency of 14.1%, using TiO, as n-doped inorganic ETL and
spiro-OMeTAD as p-type organic HTL [19]. An efficiency of 17.9% was obtained
using ZnO as n-layer and polytriaryl amine (PTAA) as p-layer [5].

5.4.2 Organic n-type/perovskite/inorganic p-type
Another structure, where methyl[6,6]-phenyl-C61-butanoate (PCBM) was used as
the n-layer and NiO as p-layer, reached an efficiency of 9.51% [61].

5.4.3 Organic n-type/perovskite/organic p-type
This configuration gave an efficiency of 16%, with PCBM as n-doped organic layer
and PEDOT:PSS as doped organic layer [62].
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5.4.4 Inorganic n-type/perovskite/inorganic p-type
In this configuration, TiO, is the n-doped inorganic layer and CuSCN is the p-doped
layer. This solar cell reached an efficiency up to 12.4% [63].

6 Operating principle of a perovskite solar cell

During the illumination of the perovskite solar cells with photons, electrons are ex-
cited from the valence band to the conduction band of the absorber (active) layer leav-
ing holes behind. Since the binding energy of excitons in perovskites is rather small,
the excitons dissociate shortly, thus forming free charge carriers. The photogenerated
excess electrons and holes diffuse and are selectively transferred through ETL and
HTL to the bottom and top electrodes, as presented in Figure 9 [6].

Metal

Hole transport layer

Hole

Perovskite :
" Electron

Electron transport layer

TCO

Glass

Figure 9: Operating principle of a perovskite solar cell.

7 The evolution of the perovskite solar cell efficiency

The perovskite materials were introduced into solar cells in 2009, and since then have
been in continuous development depending mainly on the chemical composition
of the layers and its fabrication method, in addition to the structure of the whole
solar cell.

Indeed, in 2009, Miyasaka et al. found an efficiency of 3.8%, for the perovskite
MAPbI; deposited on nanocrystals of TiO, [4]. In 2011, Park et al. reported higher effi-
ciency of 6.5% [64]. At the end of 2012, Gratzel et al. added spiro-OMeTAD to MAPbI,
which reached 9.7% [4]. Later, Snaith et al. replaced the n-type TiO, ETM with inert
Al,05 alumina (scaffold) and achieved an efficiency of 10.9% [7]. Then, mixed-halide
perovskite was investigated in 2013 by Seok et al., and reported 12.3% efficiency for
CH;NH;PblI;_Br, [64]. Subsequently, in 2014, Jeon et al. used PTAA as HTL for
mixed-halide perovskite solar cells and found an efficiency of 16.2% [13]. In the end
of the same year, an efficiency of 19.3% was reached [65]. Next year, an efficiency of
20.1% was reported by Yang et al. Furthermore, in 2016, Saliba et al. certified a new
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16 —— Chapter1 Perovskite-based solar cells

record efficiency of 21.1% [33]. With continuous efforts, a certified recording of 22.1%
was reached [66]. Later, according to the NREL charts, a remarkable progress of PSCs
was made achieving 23.3% and 23.7% in 2018 and 2019, respectively. Today, the cur-
rent highest certified efficiency of PSCs has reached 25.2% [5].

Figure 10 shows the evolution of the perovskite-based solar cells already pre-
sented in this section.

30.00%
25.00%
20.00%

15.00%

Efficiency

10.00%
5.00%

0.00%
2008 2010 2012 2014 2016 2018 2020 2022

Year

Figure 10: The evolution of the perovskite-based solar cells.

8 Conclusion

The hybrid perovskite absorbers demonstrate great characteristics and show advan-
tages to further enrich and develop the field of renewable energies. Enormous progress
of the performance of the perovskite solar cells has been achieved due to the great and
persistent effort made by researchers from around the world. Thanks to them, the effi-
ciency has now reached 25.2% and the perovskite solar cell becomes competitive to the
silicon one.
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Chapter 2
Perovskite solar cell fabrication methods

1 Introduction

Several fabrication methods have been used and studied for each layer of the perov-
skite solar cells. They require less means and lower temperatures which explain
why their cost is lower than that of crystalline silicon ones [67]. In this chapter, sev-
eral methods for preparing perovskite absorber will be presented.

2 One-step spin-coating method

The spin-coating technique is considered as the most frequently used method since it
is fast, simple, and cheaper [60]. Indeed, to deposit perovskite thin film, a dozen mi-
croliters of the precursor’s solution is dripped on a substrate fixed on the spin-coater
and then annealed as schematically depicted in Figure 11. This technique requires
few seconds and low-cost precursor material compared to other technologies. Perov-
skite absorber is generally deposited under an inert atmosphere or glove box, by spin
coating in one step, from a molar precursor solution (1:1) of methyl ammonium iodide
(MAI) with a formula of CH;NH;I and lead iodide (Pbl,), solubilized in a solvent such
as y-butyrolactone or dimethylformamide (DMF) or a mixture of dimethylsulfoxide
(DMSO) and DMF [6].

This procedure is considered to be better in terms of step and time minimization,
but it does not control either the growth kinetics of the crystals or the morphology of
the coating, which explains why the resulting performances are less interesting than
those produced by spin coating in two steps [4].

Precursor

. Annealing
solution

Q :} Perovskite ‘i
2 —>

TiO

Figure 11: One-step spin-coating method.

https://doi.org/10.1515/9783110760613-003
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3 The hot-casting technique

The hot-casting technique consists in using a precursor solution heated to a temperature
of 70 °C, dripped on a glass substrate heated to a temperature close to or greater than
that of the boiling point of the solvent, and then spin-coated as shown in Figure 12 [68].

This technique favors the formation of perovskite grains larger than those ob-
tained by the other methods using the post-annealing, with a size in the range of
1-2 mm compared to 1-2 pm only. In addition, the perovskite films prepared by this
technique cover the entire surface of the substrate without pinholes [68].

Precursor solution at 70°C -— O

Substrate heated to the boiling
point of the solvent

Figure 12: The hot-casting technique.

4 The anti-solvent method

The anti-solvent method or rapid crystallization technique has been proposed to
produce a flat and uniform MAPbI; film with well-developed grains [4].

When the solvent N,N-dimethylformamide (DMF) is used in one-step deposition, the
result is a nonuniform perovskite film containing holes resulting from the high boiling
point of the solvent (153 °C), thus allowing a slow crystallization. Nevertheless, in this
technique, a solution containing a mixture of DMF and MAPbI; is first applied by spin
coating to the TiO, layer, and after a specific time, the anti-solvent (toluene) is rapidly
added to the substrate, to promote rapid nucleation and growth of MAPbI; by reducing
the solubility of MAPbI; in the mixed solvent. This method is illustrated in Figure 13.

Pecursor Solvent Intermediate film  Uniform perovskite
solution film

Figure 13: The anti-solvent method.
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5 The two-step spin-coating technique

In this technique, as shown in Figure 14, a solution of Pbl, is first applied by spin
coating to the mesoporous film of TiO,. The Pbl,-coated film is dried at 40 °C for
3 min and then at 100 °C for 5 min. Then a solution of MAI solubilized in 2-propanol
(IPA) is deposited by spin coating on this dried Pbl, film for 20 s. Finally, the film is
heated at 100 °C for 5 min [12].

Pbl,/DMF l CH;NH,I/TPA
[\ CH,NH,I . CH3NH;Pbl,
TiO, PO, N — <

—

Figure 14: The two-step spin-coating technique.

The performance of perovskites deposited by the two-step process is higher than
those deposited by the one-step process. This is due to the morphology of the result-
ing perovskites [12]. Indeed, this technique made it possible to have an efficiency of
15% [7], for the following structure: PEDOT:PSS/CH;NH;Pbl;/PCBM/C60/BCP/AL

6 The dual-source vapor deposition technique

Vapor deposition technique has also been used for perovskite thin film deposition, either
in one or two steps [4]. This technique offers flat, uniform films with better quality than
perovskite deposited by spin coating, since there is no solvent in the process, which
avoids the formation of pinholes resulting from the evaporation of the solvent [4, 6].

In dual-source vapor deposition technique, the two precursors containing lead
and MA are in powder form inside the vacuum chamber and they are evaporated
simultaneously to be deposited on the substrate, as shown in Figure 15 [4].
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Sensor 1 Sensor 2
iy
|, \
Organic Inorganic
source source

Figure 15: The dual-source vapor deposition technique.
Source: Reprinted with permission from N.-G. Park, “Methodologies for high efficiency perovskite
solar cells,” vol. 3, p. 15, 2016, doi: 10.1186/s40580-016-0074-x.

7 The sequential dual-source vapor deposition technique

In the sequential dual-source vapor deposition technique, the Pbl, is deposited first
by thermal evaporation followed by MAI on a preheated substrate between 65 and
85 °C, as schematized in Figure 16. The deposition is made at a speed of 0.03 nm/s,
in a chamber reaching a pressure of 1.23 x 10~ mbar, leading to perovskite solar
cell with 15% efficiency [7].

The interest of the vapor phase deposition in two steps stems from controlling
the deposition rate of MAI, which is not controllable in the co-deposition and to
avoid the problems resulting from solvents such as the slow crystallization of the

4 N ™
en e
Inorganic Organic
source source
- -
- AN J
L >

Figure 16: The sequential dual-source vapor deposition technique.
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perovskite and the pinhole formation within the perovskite film [4, 6]. Furthermore,
perovskite films deposited by the vapor deposition technique offer higher perfor-
mance than those deposited by solution process; as an example, the MAPbI;_,Cl,
film deposited by vapor deposition technique exhibits higher charge mobility of
33 cm?/V s compared to only 11.6 cm?/V-1S-1 when deposited by solution process.

8 The adduct method

As one of the effective methods, the adduct approach has been proposed to prepare
high-quality perovskite MAPbI; films. In effect, the interaction between DMSO sol-
vent as Lewis base and Pbl, as Lewis acid resulted in a clear adduct film which was
converted to MAPDbI; by removing DMSO with mild thermal treatments [4].

The equimolar mixture of Pbl,, MAI, and DMSO in DMF solvent is deposited on a
substrate via the spin-coating method, then diethyl ether is added during the centri-
fugation, as schematized in Figure 17, leading to a transparent film which is directly
indicative of the formation of the adduct product. The purpose of using diethyl ether
is to remove only DMF to form the adduct film (1:1:1). The thermal removal of DMSO
from the adduct film allows the control of the growth kinetics of MAPbI;.

This method resulted in a high charge carrier mobility of up to 3.9 x107> cm?/V s
(measured by photo-CELIV), unlike that measured for perovskite films deposited by
the one-step spin-coating method, which does not exceed 3.2 x10™* cm?/V s.

Precursor ' Diethylether ?}termediate Perovskitefilm
solution ilm
N |
——— N ————————

=

Figure 17: The adduct method.

9 The vapor-assisted solution process (VASP)

This method was developed to avoid the co-deposition of organic and inorganic
species. It consists of treating the Pbl, film, deposited on TCO coated with a com-
pact TiO, layer, with the vapor-phase MAI. Then, the already deposited Pbl, films
are annealed in MAI vapor at 150 °C, in a nitrogen atmosphere for 2-4 h in order to
form uniform perovskite films with large grains, as schematized in Figure 18 [4].
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Organic vapor
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Figure 18: The vapor-assisted solution process (VASP).

Perovskite solar cells derived from this approach offer high efficiency of 20.1%,
since the resulting perovskite films have a uniform grain structure with particle size
up to micrometers with complete surface coverage and the 100% precursor transfor-
mation [6]. In brief, this technique is considered as a good process to get high-
quality perovskite films and thus high-performance devices.

10 Ink-jet printing technique

Ink-jet printing is a noncontact technique to produce a specific pattern for many appli-
cations including PSCs with its different layers (perovskite, ETL, HTL, and contact) [70].
This technique consists of printing inks through the nozzles on the substrate, as sche-
matized in Figure 19. These inks should be engineered to have a suitable solubility so
as not to block the nozzles, which is considered as a recurrent issue in this technique.
The layers issued from this method have a homogenous thickness and control-
lable shape and size [70]. Furthermore, this new method guarantees high scalability,

Nozzle =3 &—— Piezocelectric transducer

Ink

Droplet e—— 6

Substrate w
>

Substrate motion

Figure 19: Ink-jet printing illustration.
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less material wastage, fast deposition, which make it attractive for printing
PSCs.

11 Techniques to improve the performance of perovskite

Today, improving the performance and stability of perovskite solar cells remains
the main mission allotted to all researchers in the development of perovskite solar
cells. In this section, several solutions have been proposed to enhance the effi-
ciency and the stability of perovskite films and thus to improve the performance of
the whole perovskite solar cells.

11.1 Techniques to improve perovskite efficiency

A good perovskite film guarantees a good coverage of the surface without pinholes
to avoid short circuits between the different layers of the solar cells. Several techni-
ques have been investigated to improve the perovskite thin film quality.

In this regard, a simple chemical approach has been developed by introducing an
appropriate amount of acetic acid during the perovskite film preparation, leading to a
homogeneous and continuous films, without holes, as shown in the images gathered
in Figure 20 [71]. Moreover, the films are composed of grains with high crystallinity

Figure 20: The images (a, b, c, d) correspond to the perovskite films deposited on FTO /compact-TiO,
substrates from a precursor solution containing amounts of 0, 0.25, 0.5, and 1.0 M acetic acid, respectively.
Source: Reprinted with permission from ZHAO, Qian, LI, G. R., SONG, Jian, et al. Improving the
photovoltaic performance of perovskite solar cells with acetate. Scientific reports, 2016, vol. 6,

no 1, p. 1-10.
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and exhibit higher light absorption, more efficient electron transport, and faster elec-
tron extraction at the adjoining electron transport layer [71]. In addition, the perovskite
solar cells based on these films have demonstrated a better efficiency up to 14.17% [71].

Furthermore, the quality of the perovskite thin film was improved by adding
CH;3NH;CI to the precursor solution in one-step spin-coating technique [72]. Moreover,
the use of 1% of 1,8-diiodooctane as an additive to the precursor solution demon-
strated perovskite films with better performance [7]. In addition, the ratio between
the two precursors Pbl, and MAI affect also the quality of the deposited perovskite
film. A 1:3 ratio resulted in a continuous film and a higher efficiency of up to 19% [7].

11.2 Techniques for improving the perovskite stability

Perovskite is considered as a fragile material, soluble in water, and therefore it degrades
rapidly and irreversibly. This is one of the major obstacles to the commercialization of
perovskite solar cells. Indeed, temperature, UV light, and moisture are considered as
the major factors affecting the perovskite stability [60]. Several solutions have been pro-
posed to protect and to make perovskite-based devices more stable.

Indeed, one of the solutions investigated is the auto-repair of photovoltaic cells in
the darkness, which consists of putting the perovskite solar cells in the dark for 1 min,
allowing the solar cell to recover their initial efficiencies, as demonstrated in Figure 21.
Indeed, during the day, electrical charges are trapped in the defects of the crystal lat-
tice, which disrupts the continuous flow of these carriers. The darkness then allows to
evacuate these trapped charges, which has the consequence of recovering the initial
efficiencies of the perovskite solar cells [73].

154 -
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Figure 21: The blue curve represents the evolution of the perovskite solar cell efficiency as a
function of time, tested in short circuit while the red one is tested in open circuit.

Source: Reprinted with permission from NIE, Wanyi, BLANCON, Jean-Christophe, NEUKIRCH,
Amanda J., et al. Light-activated photocurrent degradation and self-healing in perovskite solar
cells. Nature communications, 2016, vol. 7, no 1, p. 1-9.
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Moreover, improving the crystalline quality of perovskite remains an interesting
way to overcome the issue of the grain boundaries since they are potential pitfalls
for electrical charges, which reduce the performance of perovskites over time. In
this regard, developing large grains during the crystallization of perovskite at ap-
propriate temperatures reduces the grain boundaries and the recombination [68].
Nie et al. demonstrated that substrates heated at 190 °C resulted in perovskite thin
films with large grain size, as shown in Figure 22.

190 °C

Figure 22: The size of grains as a function of the temperature of the substrate with the same
precursor solution at 70 °C.

Source: Reprinted with permission from THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF
SCIENCE: Science, “High-efficiency solution-processed perovskite solar cells with millimeter-scale
grains,” NIE, Wanyi, TSAI, Hsinhan, ASADPOUR, Reza, et al., vol. 347, no. 6221, p. 522-525, 2015.

Moreover, the cesium (Cs) incorporation in the A position of the perovskite structure
leads to a better stability and efficiency [30]. Indeed, Lee et al. substituted 10% of
formamidinium (FA) by Cs leading to perovskite formula of FAq 9Csg,Pbl; and thus
the efficiency was improved by 10%, with better stability as shown in Figure 23.
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Figure 23: Effect of cesium on the stability of perovskite.

Source: Reprinted with permission from Dian Wang, Matthew Wright, Naveen Kumar Elumalai,
Ashraf Uddin, Stability of perovskite solar cells, Solar Energy Materials and Solar Cells, Vol. 147,
p. 255-275, Copyright (2016), with permission from Elsevier.

EBSCChost - printed on 2/13/2023 2:25 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

26 =—— Chapter2 Perovskite solar cell fabrication methods

0.954
0.90
0.854

0.801

0.75+

Normalized efficiency

—a—m-SnO,

0.70 4

0.65 A——r——r————r——r——r—r——————
0o 1 2 3 4 5 6 7 8 9 10
Time (hour)

Figure 24: Effect of mesoporous TiO, and Sn0O,, and planar Sn0, on the stability of the perovskite
solar cell.

Source: Reprinted with permission from ROOSE, Bart, BAENA, Juan-Pablo Correa, GODEL, Karl C.,
et al. Mesoporous Sn02 electron selective contact enables UV-stable perovskite solar cells. Nano
Energy, 2016, vol. 30, p. 517-522.

Furthermore, using SnO, as the electron transporter for the perovskite solar
cell instead of TiO, also improves the stability of the solar cell, as demonstrated in
Figure 24. Indeed, perovskite solar cells with SnO, showed a stability of 700 h [30].
Whereas solar cells containing TiO, reached a stability of 500 h [19]. This may be ex-
plained by the intrinsic properties of each electron transporter. On the one hand, the
exposure of TiO, to UV light induces a degradation of the perovskite solar cell effi-
ciency [51]. On the other hand, SnO, has a wide bandgap and absorbs less UV light,
making the perovskite solar cell more resistive to UV degradation than that based on
TiO, [51]. In addition, SnO, has a higher electron mobility than TiO, and better elec-
tron injection [51], making it a potential competitor to the widely used TiO,.

Moreover, to overcome the TiO, UV sensibility, other materials have been devel-
oped. Indeed, Zn,Sn0, was proposed as electron transporter layers instead of the
TiO, and the resulting perovskite solar cell reached 13.3% efficiency and showed a
1-month stability without any encapsulation [74]. In addition, Sh,S; has been used
to reduce UV-induced degradation and the Sbh,S;-based perovskite solar cell re-
tained nearly 65% of its initial efficiency without encapsulation [75].

In addition, when the perovskite solar cell is encapsulated, it is automatically
protected against degradation caused by the external factors. Figure 25 shows that
encapsulated solar cells have greater stability than non-encapsulated solar cells.
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Figure 25: Effect of the encapsulation on the stability of the perovskite solar cell.
Source: Reprinted with permission from CUI, Jin, LI, Pengfei, CHEN, Zhifan, et al. Phosphor coated

NiO-based planar inverted organometallic halide perovskite solar cells with enhanced efficiency
and stability. Applied Physics Letters, 2016, vol. 109, no 17, p. 171103.
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Figure 26: The effect of the encapsulation and UV filter on the perovskite solar cell degradation.
Source: Reprinted with permission from Stability of perovskite solar cells, Solar Energy Materials
and Solar Cells, Vol. 147, Dian Wang, Matthew Wright, Naveen Kumar Elumalai, Ashraf Uddin,

p. 55-275, Copyright (2016), with permission from Elsevier.

In fact, the materials used for encapsulation are hydrophobic and resistant to ultra-
violet (UV) irradiation; thus, the penetration of moisture and the degradation by UV
radiation are reduced [7, 8, 76].

Moreover, some researchers demonstrated higher protection from the degra-
dation of PSCs by using both encapsulation and a UV filter. Figure 26 shows that
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the perovskite solar cells encapsulated without UV filter degraded more quickly
than those without any encapsulation; however, those encapsulated with the UV
filter present higher stability [77].

12 Conclusion

Perovskite solar cells are increasingly competitive with silicon solar cells in terms
of cost and efficiency. The fabrication method plays an important role in the im-
provement of these solar cells, since they are responsible for the quality of fabri-
cated thin film and therefore their properties and thus the efficiency of the whole
solar cells. Furthermore, the simplicity and low-temperature process make these
solar cells more efficient with low cost compared to the other technologies.
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Chapter 3
Perovskite-based tandem solar cells

1 Introduction

The combination of the two sub-cells having complementary absorption regions led to
a tandem solar cell with higher efficiencies. Since 2014, perovskite solar cells were
found to be suitable as top cells over the other solar cell technologies, thanks to their
high efficiencies reaching 25.2% [5], combined with their low fabrication cost [78]. In
this chapter, two kinds of tandem solar cells will be presented, namely, perovskite/pe-
rovskite tandem solar cells and perovskite/CIGS (copper indium gallium di-selenide)
tandem solar cells. Before detailing these tandem solar cells and their performances
and progress, an overview from the fundamentals to the perovskite based tandem
solar cells will be presented first.

2 The definition and principle of tandem solar cells

A tandem solar cell consists of two sub-cells with their absorbers possessing com-
plementary absorption ranges and stacked on top of one another. Each of these
sub-cells absorbs a different part of the solar spectrum, thus enabling to exploit a
greater range of the solar radiation, leading to a significant increase in conversion
efficiency [7, 28]. Figure 27 shows pictures of the perovskite/silicon heterojunction
tandem solar cells.

When the tandem solar cell is exposed to light, the top solar cell that has the
widest bandgap (between 1.5 and 1.8 eV) absorbs and converts high-energy photons,
leaving photons of lower energy to be harvested by the bottom cell having the smaller
bandgap (between 0.9 and 1.2 eV) [27, 79]. This operation principle of the tandem
solar cell is illustrated in Figure 28.

3 Tandem solar cell configurations

Tandem solar cells can be fabricated mainly in the four terminals or in the mono-
lithic configurations [29, 80].

3.1 Four-terminal tandem

The four-terminal configuration consists of stacking the two sub-cells, fabricated in-
dependently, one over the other, as illustrated in Figure 29 [80, 81]. This makes the

https://doi.org/10.1515/9783110760613-004
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Figure 27: Image of perovskite/silicon heterojunction tandem solar cells reaching efficiencies

up to 21.2% and 19.2% for cell areas of 0.17 and 1.22 cm?, respectively.

Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud,
et al. Efficient monolithic perovskite/silicon tandem solar cell with cell area> 1 cm?. The journal of
physical chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical
Society.

888

The top cell

The bottom cell
Figure 28: Principle of the tandem solar cell.

fabrication of the four-terminal tandems less demanding than the two-terminal ones.
The sub-cells can be connected in series or in parallel.
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Figure 29: Scheme of the four-terminal tandem solar cell.

3.2 Monolithic tandem solar cell

The monolithic tandem, also called two-terminal configuration, is formed of one sin-
gle block, as shown in Figure 30. The top solar cell is directly deposited on the bottom
one, which requires fewer transparent conductive electrodes and makes them easier
to be integrated in a module [29, 80]. Thus, the parasitic absorption due to these elec-
trodes is avoided and the fabrication cost becomes low, thanks to the reduction of the
manufacturing steps [29].

Front contact

The perovskite top cell

The recombination/tunnel
layer

The bottom cell

Back contact

Figure 30: Scheme of the monolithic tandem solar cell.

The fabrication of the monolithic tandem solar cell requires the sub-cells to meet

certain criteria, namely [29]:

1. Both sub-cells should be optimized to produce the same current at the point of
maximum power.
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2. The perovskite top cell must be deposited at a low temperature specially if the
bottom cell is sensitive to temperature.

3. The opaque back contact used usually in the perovskite solar cells is unfortunately
not suitable for the perovskite sub-cells used in monolithic tandem. Consequently,
high transparent contact layer is recommended to replace the ordinary one so that
the sub-bandgap light can reach the bottom sub-cell leading to higher efficiency.

4. The perovskite solar cells are usually much smaller than the industrially estab-
lished silicon solar cells, which requires an adaptation of the scales of the two
sub-cells.

Furthermore, monolithic solar cells often produce lower performance compared to
four-terminal solar cells; however, they are easier to integrate in a module [7].

4 Tandem solar cells containing the perovskite sub-cells

The unique and special properties of perovskite absorbers make them attractive to be
used as a top sub-cell for tandem solar cells [27, 80]. Indeed, several couplings have
been envisaged, either in monolithic or in four-terminal configuration. The purpose
of this chapter is to present the most efficient tandem solar cells, particularly those
with perovskite/perovskite and perovskite/CIGS with four-terminal configuration,
and monolithic perovskite/heterojunction silicon solar cells.

4.1 The perovskite/perovskite tandem solar cells

The combined electronic properties and the ability to adjust the bandgaps make the
perovskite/perovskite tandem solar cells a good alternative to improve the perfor-
mance of solar cells with a lower and competitive manufacturing cost [82]. In this part,
the best perovskite/perovskite tandem solar cells are presented.

4.1.1 Structure of the perovskite top cell
Good tandem solar cells require the bottom sub-cells with an optical bandgap be-
tween 0.9 and 1.3 eV, and the top sub-cells with a larger bandgap between 1.7 and
1.9 eV [82]. Eperon et al. developed perovskite absorbers with a large bandgap on the
order of 1.6 eV, namely FAq g3Cso17Pb (Io.83Br017)3, for the top solar cell in the four-
terminal tandem configuration, and FA g3Csg 17Pbdo sBro 53, with a bandgap of 1.8 eV
for the monolithic tandem one [82].

The sub-cell structure developed is a p-i-n configuration, as illustrated in Figure 31,
with indium tin oxide as transparent top contact. Methyl [6,6]-phenyl-C61-butanoate
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Figure 31: Structure of the perovskite top cell for the four-terminal and the monolithic tandem solar
cells, respectively.

was used as the n-type ETL (electron transport layer) and nickel oxide is HTL (hole
transport layer).

4.1.2 Structure of the perovskite bottom cell

Eperon et al. developed the perovskite FAq;75Cso55n0 5Pbg 515 absorber with a bandgap
of 1.2 eV [82], suitable for use as the bottom cell for the tandem configuration. The struc-
ture of the bottom cell is as shown in Figure 32. Poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (DEPOT:PSS) was used as the HTL, fullerene (C60) acted as the ETL,
bathcuproin was used to improve the collection of electrons, and finally the silver
played the role of the metallic contact.

— > Ag
., BCP
——» Coo

FA0.75Cs0.25Sn0.5Pbo 513

» DEPOT: PSS

Glass / ITO

Figure 32: Structure of the perovskite
bottom cell.

4.1.3 Tandem solar cell configuration

4.1.3.1 Monolithic tandem solar cell

The coupling of the two sub-cells in monolithic tandem configuration requires a re-
combination layer, which is in this case the tin dioxide. The scanning electron micro-
scopic (SEM) image shows the configuration of the monolithic tandem solar cell
(Figure 33).
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Figure 33: Scanning electron microscopic image of

the monolithic perovskite/perovskite tandem solar

cell. Source: Reprinted with permission from The

‘ American Association for the Advancement of

SnO,/f Science, EPERON, Giles E., LEIJTENS, Tomas, BUSH,

W VER SISl Kevin A, et al. Perovskite-perovskite tandem

7 TP \ photovoltaics with optimized band gaps. Science,

. . 2016, vol. 354, no 6314, p. 861-865.

PEDO
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—>» PCBM

FA0.83Cs0.17Pb (Io.g3Bro.17)3

|——— NiO

Glass / ITO
f f f Figure 34: Four-terminal perovskite/perovskite
Lighting direction tandem solar cell.

4.1.3.2 Four-terminal tandem solar cell
In the four-terminal configuration, the two sub-cells are mechanically stacked on
each other as shown in Figure 34 [82].

4.1.4 Characteristics of tandem solar cells and sub-cells

Measurements of the external quantum efficiency (EQE) for the two configurations of
the two tandem solar cells, presented in Figure 35 [82], show that each sub-cell is effi-
cient in a well-defined wavelength range.

Thanks to the complementarity of the efficiency domains of the two sub-cells, the
monolithic tandem solar cell achieved a stabilized output of 17%, while the four-
terminal configuration reached 20.3% for solar cells with active area of 0.2 cm? [82].
More characteristics of the sub-cells and the tandem solar cells are summarized in
Table 2 [82].

Moreover, tandem solar cells with the same sub-cells and large surface area, about
1 cm?, show lower characteristics than those measured for the smallest surface area of
0.2 cm?, with stabilized power output of 9.5% and 14.8% for the four-terminal and the
monolithic tandem solar cells, respectively [82]. These results are grouped in Table 3.
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Figure 35: The external quantum efficiency of the two tandem solar cells for (a) monolithic

configuration and (b) four-terminal configuration.

Source: Reprinted with permission from EPERON, Giles E., LEIJTENS, Tomas, BUSH, Kevin A., et al.
Perovskite-perovskite tandem photovoltaics with optimized band gaps. Science, 2016, vol. 354,

no 6314, p. 861-865.

Table 2: Characteristics of the perovskite/perovskite tandem solar cells developed in monolithic and
in four-terminal configuration, as well as those of the constituent sub-cells, with an active area of

0.2 cm?.
solar cells Jsc (MA/cm?) V. (V) FF 1) (%) Stabilized power
output (SPO) (%)
Absorber solar cell of 1.2 eV 26.7 0.74 0.71 14.1 14.8
Absorber solar cell of 1.8 eV 15.1 1.12 0.58 9.8 9.5
Monolithic tandem solar cell 14.5 1.66 0.7 16.9 17
Absorber solar cell of 1.2 eV (four terminal) 7.9 0.74 0.73 4.4 4.5
Absorber solar cell of 1.6 eV (four terminal) 20.3 0.97 0.79 15.7 15.8
Four-terminal tandem solar cell 20.1 20.3
Table 3: Characteristics of tandem solar cells with active area of 1 cm?.
solar cells Jsc (mA/cm?) Vo (V) FF (%) n (%) SPO (%)
Monolithic tandem solar cell 26.7 0.74 0.71 14.1 14.8
Four-terminal tandem solar cell 15.1 1.12 0.58 9.8 9.5

4.1.5 Other perovskite/perovskite tandem solar cells

Great progress has been made in the perovskite/perovskite tandem solar cells, either
in monolithic or in four-terminal configurations. Indeed, several researchers have
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investigated different approaches to further improve this class of solar cells, namely,
the perovskite materials, configurations, and composition engineering. Recently, Fang
et al. reported on the latest most efficient perovskite/perovskite tandem solar cells,
with a record efficiency of 25.6% and 25.4% for monolithic and four-terminal configu-
ration, respectively [83]. Furthermore, Rui Sheng et al. reported higher efficiency of
25.9% for monolithic perovskite/perovskite tandem solar cell using MAPbBr; as the
higher bandgap solar cell and MAPbI; as the lower one [84].

4.2 Perovskite/CIGS tandem solar cells

4.2.1 Introduction

The Cu(Ga, In)(Se),, the CIGS, counts among the family of copper indium di-selenide
semiconductors of crystallographic structure known as chalcopyrite, which has a direct
bandgap between 1 and 3.5 eV [85]. The CIGS has a bandgap between 1.24 and 1.3 eV
and is considered to be the best absorber of this family of III-V semiconductors [85].

In 2016, solar cells based on CIGS absorber reached an efficiency of 21.0 + 0.6%
with an open-circuit voltage (V,.) of 0.757 V, a short-circuit current density of
70 mA/cm?, and a fill factor (FF) of 77.6%, for an area of 1 cm? [86]. Recently, the
record efficiency of this kind of solar cells achieved 23.4% according to the National
Renewable Energy Laboratory chart [5].

The CIGS solar cell has an optimum bandgap for making tandem solar cells [80].
In fact, coupling this type of sub-cell with the perovskite top cell makes it possible to
obtain tandem solar cells with improved efficiencies [27]. In this part, a concrete ex-
ample is exposed, where the structures of the sub-cells, their fabrication methods,
and their resulting characteristics are presented without omitting those of the tandem
solar cell.

4.2.2 The perovskite sub-cell

4.2.2.1 Structure of the perovskite sub-cell

The perovskite solar cell used in this tandem has the following configuration: FTO
(fluorine-doped tin oxide)/c-TiO, (compact titanium dioxide)/mp-TiO, (mesoporous tita-
nium dioxide):CH;NH;PbI;(methylammonium lead iodide)/CH;NH;Pbl;/spiro-OMeTAD
(2,27,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene)/MoO; (molyhde-
num trioxide)/ ZnO:Al (aluminum-doped zinc oxide)/MgF, (magnesium fluoride)
[27]. FTO is the substrate, c-TiO, and mp-TiO, are the electron transporting layers,
CH5NH;PbI; is the absorber used, and spiro-OMeTAD is used as a hole transport-
ing layer. Furthermore, the MoO; and ZnO:Al form the transparent contact of this
perovskite sub-cell, and finally, MgF, is the antireflective layer used to improve the
performance of this solar cell.
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Figure 36: A transverse view of the perovskite solar
cell by scanning electron microscope (SEM).

Source: Reprinted with permission from KRANZ,
Lukas, ABATE, Antonio, FEURER, Thomas, et al. High-
efficiency polycrystalline thin film tandem solar
cells. The journal of physical chemistry letters, 2015,
vol. 6, no 14, p. 2676—-2681. Copyright © 2015,
American Chemical Society.

The image taken by the SEM is shown in Figure 36. Nevertheless, the layer of
compact titanium dioxide (TiO,) is not visible in this image [27].

4.2.2.2 Fabrication method of the perovskite sub-cell

On an FTO-coated glass substrate, a compact layer of TiO, is deposited by spray pyroly-
sis followed by another mesoporous layer of TiO, produced by spin coating [27]. Then,
the perovskite is deposited by spin coating and annealed at 90 °C, followed by the
elaboration of the spiro-OMeTAD electrode by spin coating also [27]. MoOs is deposited
by vacuum evaporation, followed by deposition of Zn0O:Al by radioactive sputtering
[27]. Finally, the metal grid is formed on MgF, antireflective coating. Figure 37 shows a
schematic description of the various fabrication steps of this perovskite sub-cell.

4.2.2.3 The characteristics of the perovskite sub-cell

The perovskite solar cell usually has an opaque metal contacts; however, the main
challenge in the fabrication of the perovskite-based tandem solar cells is to develop
PSCs with transparent contacts, so that the photons of energy below the bandgap are
transmitted to the bottom cell [27]. In this case, the used perovskite sub-cell, with
transparent contact, exhibits the following characteristics, shown in Figure 38.

The transmission curve cited in Figure 38 shows that photons with energy below
the bandgap are transmitted with an average of 71%, for the wavelengths between
800 and 1,000 nm [27], and a reflection average of 5% between 350 and 1,100 nm.
This low reflection is due to the application of the antireflection layer on the glass
substrate and also on the ZnO:Al side [27].

In Table 4, the characteristics of the perovskite solar cell with gold and trans-
parent contacts are compared and presented.

The perovskite reference cell which contains gold contact reached an efficiency of
16.1% compared to 12.1% for the perovskite solar cell with the transparent contact,
used as the top cell for perovskite/CIGS tandem configuration. The highest efficiency
of the reference cell can be due to the gold contact which reflects the unabsorbed
photons to the perovskite solar cell [27]. Furthermore, the perovskite top cell V. is
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Figure 37: Fabrication method of the perovskite sub-cell.

improved by 26 mV compared to the perovskite reference cell. However, the FF de-
creased from 75.2% to 70.3%. This reduction is due to the replacement of gold elec-
trode by transparent conductor oxides (TCO) which has a lower conductivity [27]. In
addition, the current density decreased by 4.1 mA/ cm?, as a result of the incomplete
absorption of the top cell in the wavelength region between 550 and 780 nm [27].

In summary, the performance of the transparent-contact perovskite solar cell is
lower than that of gold contact. However, transparency is a necessary condition for
developing tandem solar cells.
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Figure 38: EQE, total transmission T, and reflection R of the perovskite top cell as a function of
wavelength.

Source: Reprinted with permission from KRANZ, Lukas, ABATE, Antonio, FEURER, Thomas, et al.
High-efficiency polycrystalline thin film tandem solar cells. The journal of physical chemistry
letters, 2015, vol. 6, no 14, p. 2676-2681. Copyright © 2015, American Chemical Society.

Table 4: Comparison between the perovskite solar cell with the gold and the transparent-contact.

Solar cell Voc(mV)  Joc(mA/cm?)  FF(%) N (%) Irradiance (W/cm?)

The perovskite reference cell 1008 20.8 75.2 16.1 984
(gold contact)

Perovskite top cell 1034 16.7 70.3 121 1000
(transparent contact)

4.2.3 The CIGS sub-cell

4.2.3.1 Structure of the CIGS sub-cell

The CIGS sub-cell is prepared by the co-evaporation technique and consists of the fol-
lowing stacks: substrate/Mo (molybdenum)/CIGS/CdS (cadmium sulfide)/zinc oxide
(Zn0)/Zn0:Al, as shown in Figure 39 [27].

Zn0/Zn0 :Al
CdS
CIGS

N

Mo

Substrate

Figure 39: The configuration of the CIGS sub-cell.
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4.2.3.2 Method of elaboration of the CIGS sub-cell

On a soda-lime glass, the rear contact consisting of Mo is deposited by magnetron
sputtering, and the CIGS layer is prepared by the co-evaporation technique at a tem-
perature of 450 °C and at a pressure (P) of the order of 107 hPa [87]. Then the layer
of CdS is deposited via the chemical bath deposition technique, followed by intrinsic
Zn0 and ZnO:Al layers, deposited by sputtering [27]. Finally, MgF, is deposited by
electron beam evaporation, in order to reduce reflection losses [27]. Figure 40 shows

a schematic description of the various fabrication stages of this CIGS sub-cell.

Mo
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S
S
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| Soda-lime glass

Zn0 :Al Plasma

Zn0 Zn0O Argon
Cds Cds
« CIGS « CIGS
Glass Glass

CIGS

Zn0 :Al target
MgF, Source Zn0O
Plasma
R target
Argon

Glass

cds
Figure 40: Method of elaboration of the CIGS sub-cell.

4.2.3.3 The characteristics of the CIGS sub-cell

The performances of the stand-alone CIGS solar cell are higher than when used as a
bottom cell in a tandem configuration. The characteristics of both CIGS solar cells

are presented in Table 5.

Table 5: The characteristics of the stand-alone CIGS solar cell when it is used in tandem
configuration.

Solar cell Voc V) Joc(mA/cm?)  FF(%) N (%) Irradiance (W/cm?)

The CIGS solar cell (standalone) 689 34.1 78.4 18.4

The CIGS sub-cell (tandem) 661 14.4 77.4 7.4

In fact, this table shows that the CIGS solar cell alone has an 18.4% power conversion
efficiency. However, this efficiency decreases to 7.4% when it is below the perovskite
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sub-cell, with an opening area of 0.213 cm?. This can be caused by the low illumination
intensity, which induces a significant drop in current density as well as a slight de-
crease in V. [27].

4.2.4 The tandem solar cell

4.2.4.1 The structure of the perovskite/CIGS tandem solar cell

The four-terminal perovskite/CIGS tandem solar cell consists of the perovskite top cell
coupled with the CIGS bottom one [27]. Unlike the CIGS bottom cell which is made in
substrate configuration, the perovskite sub-cells has the superstrate structure where
the layers of the perovskite sub-cell are made starting from the lowest layer to the last
one at the top [27]. The resulting tandem solar cell is schematized as follows in
Figure 41.

848

Superstrate
FTO
Mp-TiOz 2CH3NH3PbI3

Spiro-OMeTAD
MOO3

ZnO :Al

Ad |

Zn0O/Zn0O :Al

Cds
CIGS

Mo |/
Substrate Figure 41: The four-terminal perovskite/CIGS tandem solar
cell.

4.2.4.2 The characteristics of the perovskite/CIGS tandem solar cell

The EQE for the sub-cells proves that each solar cell is effective in a range of wave-
lengths, which is required for the realization of tandem solar cells. The sum of the two
EQEs is equal to the EQE of the tandem solar cell, as shown in Figure 42 [27].
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Figure 42: The external quantum efficiency of the
sub-cells as well as the tandem solar cell.
Source: Reprinted with permission from KRANZ,
Lukas, ABATE, Antonio, FEURER, Thomas, et al.
High-efficiency polycrystalline thin film tandem
solar cells. The journal of physical chemistry
letters, 2015, vol.6, n0 14, p. 2676-2681.
Copyright © 2015, American Chemical Society.

The EQE of the tandem solar cell reaches 90% in the wavelength region around
500 nm and decreases for the longer wavelengths. This decrease is mainly due to
the optical loss due to the absorption of TCO contained in the tandem solar cell [27].

Table 6: The performances and efficiencies of the sub-cells, as well as the efficiency of the four-

terminal tandem solar cell.

Solar cell Voc(mV)  Joc(mMA/cm?)  FF(%) 1N (%) Irradiance (W/cm?)
The perovskite top cell 1034 16.7 70.3 121 1000
(transparent contact)

CIGS bottom cell (tandem) 661 14.4 77.4 7.4 1000
4-terminal tandem solar cell 19.5 1000

Moreover, the efficiency of the resulting four-terminal tandem solar cell reached
19.5%, which is the sum of the two efficiencies of the two sub-cells, as shown in

Table 6 [27, 80].
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Figure 43: ]-V measurements of the two
sub-cells.

Source: Reprinted with permission from KRANZ,
Lukas, ABATE, Antonio, FEURER, Thomas, et al.
High-efficiency polycrystalline thin film tandem
solar cells. The journal of physical chemistry
letters, 2015, vol. 6, no 14, p. 2676-2681.
Copyright © 2015, American Chemical Society.
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In addition, the current density versus voltage (/J-V) measurements of the sub-cells
show that the short-circuit current density (Js.) of the two sub-cells is similar, as shown
in Figure 43, which is an important criterion for developing monolithic solar cells [27].

4.2.5 Other perovskite/CIGS tandem solar cells

Recently, IMEC reported a new record efficiency for the perovskite/CIGS tandem solar
cells up to 24.6% [88]. This family of solar cells is therefore an interesting alternative to
improve CIGS solar cells. In addition, it offers great potential for integration in many
industrial applications with high flexibility in terms of size and shapes, since both sub-
cells are made of thin films.

5 Conclusion

The integration of perovskite solar cells as top cells, either in perovskite/perovskite
tandem solar cells or in perovskite/CIGS tandem solar cells, demonstrates a significant
improvement in the efficiency of both bottom cells. Indeed, higher efficiencies were
achieved up to 25.6% and 24.6% for perovskite/perovskite tandem solar cells and for
perovskite/CIGS tandem solar cells, respectively. However, several requirements must
be taken into consideration while designing the perovskite top cells to make them suit-
able to be used on top of the CIGS and perovskite bottom cells, especially the selection
of the materials constituting the perovskite solar cells.
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Chapter 4
Perovskite/silicon heterojunction tandem
solar cells

1 Introduction

In the last few years, crystalline silicon (c-Si) solar cell efficiency has seen only a
slight increase. Actually, they achieved a record efficiency of 26.1% for the homo-
junction-based solar cells and 26.7% for the heterojunction-based solar cells, certi-
fied by the National Renewable Energy Laboratory (NREL) [5, 29]. These efficiencies
are close to the maximum theoretical efficiency of crystalline Si-based solar cells of
around 29.4% [29]. Moreover, in order to further improve the efficiency of this fam-
ily of solar cells and to exceed their theoretical limit while keeping a competitive
cost, the silicon-based tandem solar cells are considered as the simplest way to
reach this objective. This consists of coupling silicon sub-cell with other sub-cells
based on low cost and wider bandgap absorbers [29].

Indeed, several solar cells have been used on top of the silicon solar cell, espe-
cially the so-called III-V semiconductors. However, their fabrication is expensive and
difficult for large areas [29]. Perovskite solar cells offer promising alternatives since
they satisfy the whole requirements needed for top cells in tandem with the silicon
solar cells, in addition to their continuous efficiency progress of up to 25.2% [5, 29].

Indeed, Loper et al. reported an efficiency of 13.4% for four-terminal perov-
skite/silicon tandem solar cell, where 6.2% is the efficiency of the perovskite top
cell and 7.2% is for the c-Si heterojunction solar cell [89]. The most efficient perov-
skite/silicon heterojunction tandem solar cells will be detailed in this chapter. Be-
fore developing them, an overview of silicon heterojunction solar cells is presented
in the following section.

2 The silicon heterojunction solar cell

2.1 Description of the silicon heterojunction solar cell

The silicon heterojunction solar cell (HIT) contains intrinsic silicon layers, and
other doped hydrogenated amorphous silicon (a-Si:H), deposited on a c-Si wafer, as
illustrated in Figure 44 [90]. The intrinsic layers passivate the c-Si wafer surfaces,
which makes it possible to have open-circuit voltage of 750 mV higher than that

obtained for the homojunction which does not exceed 700 mV [91]. The p-type a-Si:
H forms a heterojunction with the n-type c-Si wafer.

https://doi.org/10.1515/9783110760613-005
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Figure 44: Structure of the silicon heterojunction cell.

2.2 Evolution of the performances of silicon heterojunction solar cells

The efficiency of the HIT solar cell is growing from one year to the next: it evolved
from 23.7% in 2011 [90], to 24.7% in 2013 with a standard configuration [91], to
25.6% in 2014 [90], and to 26.3% in March 2017 [92] with an interdigitated back con-
tact. Afterward, an efficiency of 26.6% was obtained and certified by NREL in 2018
[92]. Today, the best HIT solar cell achieved 26.7% efficiency [93]. The evolution of
efficiency of the best HIT solar cells, from 2009 to 2020, is represented in Figure 45.
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Figure 45: The evolution of the efficiency and the current density of the HIT solar cells.

2.3 The configuration of the record silicon heterojunction solar cell

This section presents the configuration of the silicon heterojunction solar cell
which has the best efficiency, of the order of 26.3%, certified by NREL in 2017. This
configuration is called silicon heterojunction solar cell with interdigitated back con-
tact [92], illustrated in Figure 46.
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Figure 46: Structure of the record heterojunction solar cell.

The structure of c-Si heterojunction solar cell with interdigitated back contact is
developed to reduce optical losses, thus improving the efficiency of the solar cell [90].

2.4 Fabrication method of the record silicon heterojunction solar cell

On the lower side of the n-type Czochralski silicon wafer, an intrinsic amorphous
silicon layer and a p-type doped one are deposited, often by plasma-enhanced
chemical vapor deposition (PECVD) (see Figure 47) [28, 29, 92] to form a PN hetero-
junction [90]. On the other side, an intrinsic layer (i) and an n-doped one are depos-
ited to form the back surface field structure [90, 92]. The intrinsic layers of a-Si:H
are used to passivate the dangling bonds of the surface of the c-Si wafer [90, 92].

In addition, an antireflective (AR) layer is deposited on the front surface of the
c-Si wafer [92]. Finally, back contacts are deposited on the n and p layers of the
amorphous silicon [90].
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Figure 47: PECVD deposition chamber schemes.
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3 Principle of the tandem perovskite/silicon heterojunction

solar cell
The perovskite/silicon heterojunction solar cell consists of coupling silicon sub-cell
with perovskite sub-cell having wider bandgap than that of the HIT bottom cell [80].
Indeed, perovskite solar cells are transparent to near-infrared radiation [27]. There-
fore, as shown in Figure 48, the high-energy photons are absorbed by the perovskite

top cell and the infrared photons are transmitted to the silicon bottom cell, thus the
tandem solar cell covers a wide spectral range [28].

| Infrared light > | Infrared light >
Visible light
| Ultraviolet light >

Figure 48: Principle of the tandem perovskite/silicon heterojunction solar cell.
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4 Perovskite/silicon heterojunction tandem solar cell

In this part, three monolithic tandem solar cells will be described in detail including
their structures, the fabrication process, and their characteristics. The first solar cell
yielded 18.1% efficiency [28], 21.2% for the second one [29], and 23.6% for the third
solar cell [94].

4.1 The tandem solar cell of 18.1% efficiency

In October 2015, a team from the Helmholtz Center for Materials and Energy in Ber-
lin (HZB) in collaboration with the Swiss Federal Institute of Technology Lausanne
(EPFL) developed a tandem solar cell containing perovskite and silicon heterojunc-
tion, reaching 18.1% efficiency, with the following structure, as shown in Figure 49
[28]. The configurations and characteristics of the sub-cells and tandem solar cells
are detailed further.
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Perovskite

5kV 50000x

Figure 49: A cross section of the monolithic tandem solar cell seen by SEM.
Source: Reprinted with permission from ALBRECHT, Steve, SALIBA, Michael, BAENA, Juan Pablo
Correa, et al. Monolithic perovskite/silicon-heterojunction tandem solar cells processed at low
temperature. Energy & Environmental Science, 2016, vol. 9, no 1, p. 81-88.

4.1.1 The perovskite top cell

4.1.1.1 The perovskite top cell structure

The perovskite top cell used in this tandem solar cell consists of the following
stacks: tin dioxide (Sn0O,)/(MA),(FA),_PbI,Br;_,/spiro—OMeTAD (2,2'7,7’-tetrakis(N,
N-di-p-methoxyphenylamine)-9,9’-spirobifluorene)/MoO; (molybdenum trioxide)/
ITO (indium tin oxide) [28], as illustrated in Figure 50.

ITO
MoOx

Spiro-OMeTAD

(MA) ((FA) 1 xPbLBrs

SnO»
ITO
Glass Figure 50: The perovskite top cell structure.

4.1.1.2 Fabrication method of the perovskite top cell

The perovskite top cell is fabricated according to the steps presented in Figure 51.
First, Sn0O, is deposited on the front face of the bottom cell by atomic layer deposi-
tion (ALD) technique.
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Figure 51: Fabrication method of the perovskite top cell.
Perovskite and spiro-OMeTAD layers are deposited by spin coating in one step,

while MoOs is deposited by the thermal evaporation technique. Finally, the ITO is
sputtered through a mask so that the two ITO layers are aligned with each other [28].

4.1.2 The silicon heterojunction bottom cell
4.1.2.1 The silicon heterojunction bottom cell structure

The silicon heterojunction bottom cell used in this tandem solar cell is of standard
configuration [28], as illustrated in Figure 52.

ITO
& a-Si: H (pt)
C-Si > a-Si: H(i)
—

a-Si: H (nt)

AZO
Ag

Figure 52: The silicon heterojunction bottom cell structure.
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4.1.2.2 Fabrication method of the silicon heterojunction bottom cell

The intrinsic and doped layers of amorphous silicon are deposited by the PECVD on
either sides of a polished float-zone n-type silicon wafer [28]. Then, ITO is deposited on
the front face by magnetron sputter deposition using a mask to delimit the deposition
surface. Furthermore, aluminum-doped zinc oxide and silver (Ag) are also deposited
by sputtering on the rear face in such a way as to cover the whole surface [28]. The
fabrication method of this silicon heterojunction bottom cell is illustrated in Figure 53.

Gas inlet —
[ -
\ ITO target
Electrode %l
Plasma Plasma
) Cooe
Silicon
wafer a-Si: H (P+)
Electrode ]
K / Argon
Plasma oo Plasma cocoo
Argon ' % Argoh %

_I Ag target —’

Figure 53: Fabrication method of the silicon heterojunction bottom cell.

4.1.3 Monolithic tandem solar cell
4.1.3.1 Monolithic tandem solar cell structure

The monolithic configuration consists of the perovskite top cell deposited directly
on the silicon heterojunction bottom cell, as illustrated in Figure 54.
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Figure 54: Monolithic tandem solar cell structure.
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Lithium fluoride (LIF) is thermally evaporated on the tandem solar cell to re-
duce reflection losses and consequently improve solar cell performance [28].

4.1.3.2 Monolithic tandem solar cell characteristics
Table 7 shows that the silicon heterojunction bottom cell used in this tandem solar
cell exhibits an efficiency of up to 15.7%, while the perovskite top cell achieves 10.4%.

Table 7: The performances of the reference cells.

Reference cells

solar cell Scan Jsc (MA/cm?) Voc (V) FF (%) n (%)
Silicon 31.3 0.703 71.4 15.7
Perovskite Reverse 20.1 1.130 68.3 15.5
Perovskite Direct 20.1 1.048 49.3 10.4

The combination of these two previous sub-cells allowed to achieve an efficiency of up
to 19.9%, a short-circuit current density of 14 mA/cm? an open-circuit voltage of
1.785 V, and a fill factor (FF) of 79.5%. Nevertheless, the stabilized power output of this

tandem solar cell is about 18.1% [28].

Table 8 groups the performances of the best tandem solar cell in direct and re-

verse scan directions.

This table shows that the tandem solar cell has higher efficiency than those of
the reference cells used independently. Therefore, the tandem configuration signifi-
cantly improves the efficiency of the silicon solar cell with more than 2%. This is
considered as an interesting potential for the future of solar cells.
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Table 8: The performances of the tandem solar cell.

Tandem solar cell

solar cell Scan Jsc (mA/cm?) Voc (V) FF (%) N (%) Stabilized power output
Tandem Reverse 14 1.785 79.5% 19.9 18.1%
Tandem Direct 14 1.759 77.3% 19.1

4.2 The tandem solar cell of 21.2% efficiency

In 2016, De Wolf et al. reported a record efficiency of 21.2% for perovskite/silicon
monolithic tandem solar cell [29]. The configurations and characteristics of the sub-
cells and tandem solar cells are detailed further.

4.2.1 The perovskite top cell

4.2.1.1 The perovskite top cell structure

The perovskite top cell used in this tandem solar cell reached an efficiency of 14.5%.
It consists of several stacks, including methylammonium lead iodide (CH;NH;Pbl;) as
absorber. The structure of this perovskite solar cell composed of, IZO (indium zinc
oxide)/PEIE (polyethylenimine)/PCBM (phenyl-C61-butyric-acid-methyl-ester)/CH-
3NH;5PbIs/spiro-OMeTAD/MoO, (molybdenum oxide)/I0:H (hydrogenated indium
oxide)/ITO, is presented in Figure 55 [29].

Spiro-OMeTAD

Figure 55: SEM cross section of the perovskite top cell illuminated from MoO,/10:H/ITO.

Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud,
et al. Efficient monolithic perovskite/silicon tandem solar cell with cell area> 1 cm?. The journal of
physical chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical
Society.
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Figure 56: Fabrication method of the perovskite top cell.
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4.2.1.2 Fabrication method of the perovskite top cell
The perovskite solar cell used in this tandem was deposited on the intermediate re-
combination layer according to the following process [29].

A PEIE layer is deposited by spin coater on an UV ozone cleaned substrate
and annealed at 150 °C, followed by PCBM layer coated also by spin coating and
annealed at 70 °C. Next, lead iodide (Pbl,) was thermally evaporated. Afterward, a
solution containing methyl ammonium iodide in isopropanol is deposited by spin
coating on Pbl, to form the perovskite layer. Then the spiro-OMeTAD solubilized
in chlorobenzene is deposited by spin coating. Next, a transparent electrode is de-
posited which is formed of two layers; the first one is composed of 10 nm of MoOx
fabricated by thermal evaporation, and the second one is composed of a 110 nm
bilayer of I0:H and indium tin oxide I0:H/ITO, deposited by sputtering. Finally,
the 100 nm thick front contact is formed by a gold layer by evaporation through a
mask. Figure 56 shows a schematic description of the various fabrication stages of
this perovskite top cell.

4.2.1.3 Characteristics of the perovskite top cell

The stand-alone perovskite solar cell often uses the glass/ITO combination as
substrate [29] and it is illuminated from the glass side. However, in the tandem
solar cell, the perovskite sub-cell is illuminated from the MoO,/I0:H/ITO elec-
trode [29]. The characteristics of the perovskite solar cells illuminated on both
sides are presented in Table 9, measured in direct scan; from J. to V., as well
as in reverse scan direction.

Table 9: Characteristics of the perovskite solar cells in both illumination directions and in both
scan directions.

Perovskite solar cell

Illuminated The opening  Scan Voc V) Jsc FF (%) 1N (%) Maximum power
from surface (cm?)  direction (mA/cm?) point tracking (MPP)
Glass/ITO 0.25 Reverse 1.029 17.5 76.9 13.8 14.5
Direct 1.034 17.5 77.7 14
Spiro- 0.25 Reverse 1.020 16.2 77.7 12.8 13.1
OMeTAD -
Direct 1.020 16.2 79.3 13.1

This table shows a decrease in perovskite efficiency when illuminated from spiro-
OMeTAD. This observation is confirmed by the external quantum efficiency of the illu-
minated solar cell which exhibits a current loss of 1.5 mA/cm?, as shown in Figure 57.
This can be explained by the parasitic absorption of the spiro-OMeTAD layer [29].
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Figure 57: Performances of perovskite solar cell used in single superstrate junction (illuminated
from PCBM) and that used in tandem substrate solar cell (illuminated from spiro-OMeTAD).
Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud, et al.
Efficient monolithic perovskite/silicon tandem solar cell with cell area> 1 cm?. The journal of physical
chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical Society.

Indeed, the spiro-OMeTAD has broad absorption peaks at wavelengths of 380 and
500 nm, which causes the reduction of the photocurrent of the perovskite solar cell
illuminated from the spiro-OMeTAD [28].

4.2.2 Silicon heterojunction bottom cell
4.2.2.1 Silicon heterojunction bottom cell structure

The silicon heterojunction bottom cell used in tandem configuration is of standard
HIT structure as illustrated in Figure 58 [29].

[ p-asi

Silicon wafer (n type) i-aSi

, n-aSi

ITO

Figure 58: Silicon heterojunction bottom cell structure.

4.2.2.2 Fabrication method of the silicon heterojunction bottom cell

The n-doped float-zone silicon wafer, polished on both sides with a resistivity between 1
and 5 Q and a thickness between 260 and 300 pm, is dipped in a hydrofluoric acid solu-
tion to remove the native oxide on the surface of the wafer. Then intrinsic and doped a-
Si:H layers are deposited by the PECVD method, as illustrated in Figure 59 [29].
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Figure 59: Fabrication method of the silicon heterojunction bottom cell.

4.2.2.3 Characteristics of the silicon heterojunction bottom cell

The heterojunction silicon bottom cell, used in this tandem solar cell, achieved an
efficiency of 16.8%. The whole characteristics measured under the standard condi-
tions are presented in Table 10 [29].

Table 10: Characteristics of the silicon heterojunction bottom cell.

Silicon heterojunction bottom cell

Aperture area (cm?) Voo (V) Jsc (mA/cm?) FF (%) n (%)

1.22 0.704 32.1 74.4 16.8

4.2.3 The monolithic tandem solar cell

4.2.3.1 Monolithic tandem solar cell structure

The monolithic tandem solar cell studied below achieved 21.1% efficiency [29]. It
consists of a perovskite planar top cell, deposited at 150 °C on the silicon hetero-
junction bottom cell. The IZO) is used as a recombination layer to connect the two
sub-cells due to its optimal optical and electrical properties [29]. The recombination
layer and the upper electrode are aligned, defining the active area of the tandem
solar cell [29]. The detailed structure is shown in Figure 60.

4.2.3.2 Characteristics of the monolithic tandem solar cell
The characteristics of the perovskite/silicon tandem solar cell are summarized in
Table 11 [29].
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Figure 60: Monolithic perovskite/silicon tandem solar cell structure.

Table 11: The characteristics of the tandem solar cell for both aperture area, without antireflection
layer.

Perovskite/silicon tandem solar cell

Aperture area (cm?) Scan direction Vo (V) Jsc (mA/cm?) FF (%) n (%)
1.22 Reverse 1.694 13.4 72.9 16.6
Direct 1.7 13.4 75.5 17.2
0.17 Reverse 1.668 13.6 76.7 17.4
Direct 1.67 13.8 78.6 18.1

The combination of the two sub-cells in tandem configuration allowed higher
efficiencies than those of the sub-cells used independently. Indeed, they reach
18.1% and 17.2% with an aperture area of 0.17 and 1.22 cm?, respectively.

4.2.3.3 Effect of the antireflective layer on the performances of the tandem

solar cell
Moreover, the addition of an AR layer which aims to reduce the amount of reflected
light ensures a significant generation of charge carriers. This has further improved
the performance of the tandem solar cell, as summarized in Table 12.

This table demonstrates that adding the AR layer enhances the performance of
the tandem solar cells. Therefore, they achieve a record efficiency of 21.2% and of
19.2%, respectively, for an aperture area of 0.17 and 1.22 cm?.

Furthermore, the measurements of the current density as a function of the
voltage (J-V) also confirmed the contribution of the AR layer to the enhancement
of the tandem solar cell performance and more precisely of the current density, as
shown in Figure 61.
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Table 12: The characteristics of the tandem solar cell for both aperture areas, with the antireflective.

Perovskite-silicon tandem solar cell

Aperture area (cm?) Scan direction Vo (V) Jsc (mA/cm?) FF (%) n (%) MPP

1.22 Inverted 1.701 16.1 70.1 19.2 19.2
Direct 1.703 16.1 70.9 19.5

0,17 Inverted 1.69 15.9 77.6 20.9 21.2
Direct 1.692 15.8 79.9 21.4

T T T T T T T T T T

Without ARC ~ With ARC

(zwo/yur) AJISuap udLny)

| IS S RS S S S ST

o0 o5 1.0 1.6
Voltage (V)

Figure 61: /~V measurements for the same tandem solar cell with an aperture area of 0.17 cm? with
and without antireflective layer.

Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud, et al.
Efficient monolithic perovskite/silicon tandem solar cell with cell area> 1 cm?. The journal of physical
chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical Society.

4.3 The tandem solar cell of 23.6% efficiency

In 2017, Kevin A. Bush et al. realized a monolithic perovskite/silicon tandem solar
cell with a record efficiency of 23.6% for an area of 1 cm? [94]. The configurations
and characteristics of the sub-cells and tandem solar cells are detailed further.

4.3.1 The perovskite sub-cell

4.3.1.1 The perovskite sub-cell structure

The perovskite sub-cell used in this tandem configuration consists of the following
stacks: glass/ITO/NiO/Csg 17FAq.g3Pb(Brg 1710.83)3/LiF/PCBM/Sn0,/ZTO (zinc tin oxide)/
ITO/LiF/Ag [94]. NiO, was used as a hole transport material, and PCBM is the electron
transport layer chosen for this solar cell [94]. Moreover, the layers of SnO,, ZTO, and
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ITO are used to facilitate the transport of the electrons and to participate in the im-
provement of solar cell performances. In addition, LiF was used to reduce reflec-
tion losses, and demonstrated an ability to increase the FF. Finally, Ag is the metallic
contact used in this configuration presented in Figure 62.

Ag

ITO
SnO»/ZTO
Cs0.17F A0.83Pb(Bro.1710.83)
NiO
Glass

Figure 62: The perovskite sub-cell structure.

4.3.1.2 Fabrication method of the perovskite top cell
The perovskite top cell is deposited according to the following steps [94]:

First, the ITO-coated glass substrates were cleaned with acetone and isopropa-
nol followed by UV ozone treatment. Then, the NiO was deposited by spin coater
and annealed at 190 °C for 10 h. This film was rapidly introduced into a dry air box,
where the Csg 17FAg g3Pb(Brg 1710 83)3 perovskite film was formed from a stoichiometric
solution, containing cesium iodide, formamidinium iodide, Pbl,, and lead bromide ,
in a mixture of N,N-dimethylformamide and dimethylsulfoxide. This stoichiometric
solution was spun on the top of NiO and during the centrifugation, chlorobenzene
was rapidly added 5 s before the end of the spinning operation, as an anti-solvent to
assist the crystallization of perovskite. The films were annealed on a hot plate at 50 °C
for 1 min and then at 100 °C for 30 min. Afterward, 1 nm of LiF and 10 nm of PCBM are
formed by thermal evaporation. Then, 4 nm of SnO, is deposited by the pulsed chemi-
cal vapor deposition technique at 100 °C, followed by 2 nm ZTO, which was deposited
by combining the ALD processes of SnO, and ZnO in a repetitive cycle consisting of
three cycles of SnO, followed by three cycles of ZnO. Then a layer of 150 nm of ITO is
deposited by sputtering. Finally, the Ag electrode is sputtered or evaporated, followed
by evaporation of the second AR layer LiF, to reduce the reflection losses and therefore
improve the performance of tandem solar cells [28]. Figure 63 shows a schematic de-
scription of the various fabrication stages of this perovskite top cell.
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Figure 63: Fabrication method of the perovskite top cell.
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Figure 64: Silicon heterojunction bottom cell structure.
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4.3.2 Silicon heterojunction bottom cell

4.3.2.1 Silicon heterojunction bottom cell structure
The silicon heterojunction bottom cell used in this tandem solar cell is illus-
trated in Figure 64 [94].

4.3.2.2 Fabrication method of the silicon heterojunction bottom cell

A 280-pm-thick float-zone silicon wafer is texturized from its back surface to form random
pyramids while the front surface is left flat to deposit perovskite by spin- coating tech-
nique [94]. The intrinsic (i) and doped (p) amorphous silicon films are deposited on the
textured side by the PECVD technique, with a thickness of 7 and 15 nm, respectively. On
the other polished side of the silicon, the intrinsic and doped silicon films (n) were then
deposited [94]. Then, the recombination layer between the two sub-cells consists of
20 nm of ITO, sputtered through a mask, defining an area of 11 x 11 mm? [94]. On the
back side, another layer of ITO is formed of 20 nm thick, followed by another layer
formed of 300 nm of silicon nanoparticles (SiNP) deposited by the so-called spray-coating
technique through a mask of stainless steel [94]. Finally, an Ag layer of 200 nm is formed
by sputtering. The latter forms with SiNP an AR layer [94]. Figure 65 shows a schematic
description of the various fabrication stages of this silicon heterojunction bottom cell.
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Figure 65: Fabrication method of the silicon heterojunction bottom cell.
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4.3.3 The monolithic tandem solar cell

4.3.3.1 Structure of the tandem solar cell
This monolithic configuration consists of the perovskite top cell deposited directly
on the silicon heterojunction bottom cell [94], as illustrated in Figure 66.

Ag
ITO
SnO,/ZTO
Cs0,17FA0,83Pb(Bro,1710.83)3
NiO
_:» a-Si: H (n+)
C-Si a-Si : H(i)

e

— a-Si:H(pt)
—> ITO
— SiNP

Figure 66: Structure of the monolithic record tandem solar cell.

4.3.3.2 Characteristics of the tandem solar cell

The best combination of these two previous sub-cells has the following parameters
certified by NREL: open-circuit voltage of 1.65 V, short-circuit current density of
18.1 mA/cm?, the FF of 79.0%, and record efficiency of 23.6% [94]. The measure-
ments of current density as a function of voltage are shown in Figure 67.

4.4 Recent progress in perovskite/silicon tandem solar cells

In the last phase of preparation of this book, other efficiency records have been
achieved for the perovskite/silicon tandem solar cells. They will be presented in
this section.

Indeed, Chen et al. have explored the addition of MACl and MAH,PO, additives
to the perovskite precursors in order to increase the grain size of the perovskite
layer, resulting in a low defect density and a higher efficiency of the perovskite/
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Figure 67: ]-V measurements of the perovskite/silicon tandem solar cell.

Source: Reprinted with permission from Springer Nature : Nature Energy, 23.6%-efficient monolithic
perovskite/silicon tandem solar cells with improved stability, BUSH, Kevin A., PALMSTROM, Axel F.,
ZHENGSHAN, J. Yu, et al., 2017, vol. 2, no 4, p. 1-7.

silicon tandem solar cell up to 25.4%, V,. of 1.80 V, J,. of 17.8 mA/cm?, and FF of
79.4% [95]. This result was reached with a top cell of 1.64 eV bandgap with Csg 15
(FAp, 83 MAg 17)0.85Pb(Io,8Br1o »)3 perovskite absorber. The structure of the tandem
solar cell is presented in Figure 68.
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Cso,15(FAo 83
MAg.17)0.85Pb(lo 8Bro2)3
PTAA
——> a-Si: H (n+)
C-Si(n) \" a-Si : H(i)

ITO
Figure 68: Structure of the monolithic tandem solar cell

— a-Si:H(ptH)
—

> Ag of 25.4% efficiency.
Furthermore, Xu et al. elaborated a triple halide perovskite with wide bandgap of
1.67 eV and demonstrated stability. The semitransparent perovskite device used in
the tandem solar cell enables 80% near-infrared transmittance. Therefore, an efficiency
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of 27.13% was reached with J,. of 19.12 mA/cm?, FF of the order of 75.3%, and Voc up to
1.886 V [96].

The V,. achieved in this tandem solar cell is considered as one of the highest
V. reported for perovskite/silicon tandems with an efficiency exceeding 25%. This
high efficiency was associated with materials used, their thicknesses, and of course
to the structure of the whole solar cell presented in Figure 69.
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Figure 69: Structure of the monolithic tandem

Ag solar cell of 27.13% efficiency.

In 2018, Oxford PV reached two world records’ efficiency, for perovskite/silicon tan-
dem solar cell, of 27.3% in June and 28% in December, respectively [97]. Both re-
cords were certified by NREL. Recently, in 2020, a perovskite-silicon tandem solar
cell with a record efficiency of 29.1% was developed at the Helmholtz Zentrum Ber-
lin, and this achievement was certified by NREL [93]. However, no details about the
materials and structures used in these last highest tandem solar cells are available
at the time of writing.

4.5 Perovskite/silicon monolithic tandem solar cells evolution

The efficiency of the perovskite/silicon tandem solar cell has been in continuous
evolution since its appearance. Researchers are deploying all the means to advance
research and innovation for this tandem solar cell category, which is considered to
be the future of photovoltaic solar cells. In this section, the evolution of the mono-
lithic perovskite/silicon tandem solar cells is presented in Figure 70.
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Figure 70: Perovskite/silicon monolithic tandem solar cell evolution.

5 Means to improve the performances of the tandem solar cells

The tandem solar cells reported to date are still far from the theoretical limit,
which is of the order of 46% [98]. There is a matrix of parameters to be studied to
further improve the tandem solar cells. The main factors influencing their perfor-
mance are as follows:

— The use of sub-cells with good performances

The efficiency of the tandem solar cell can be improved by using sub-cells with re-
cord efficiencies but also by shifting the bandgaps of bottom cells to lower values
and those of top cells to larger bandgaps [27].

— Increase the thickness of the perovskite layer
Current losses can be reduced by increasing the thickness of the perovskite layer,
and thus the efficiency of the tandem solar cells can be improved [29].

— The choice of the nature of transparent contact

The perovskite top cell requires contact layers with high conductivity and optimum
transparency [99]. To further improve the performance of tandem solar cells, it is
recommended to optimize the transparent contacts [27, 29], to increase the current
of the bottom cell by decreasing the parasitic absorption of the other layers. In fact,
many researchers demonstrated that the graphene could be the right alternative for
all these reasons, since it combines an excellent optical transmission of the order of
97.4% and a sheet resistance of about 125 Q/sq [99, 100]. In addition, the electrical
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performance of the perovskite solar cell containing graphene is quite similar to that
of perovskite containing gold as a metallic contact [99].

— Reduction of the thickness of the spiro-OMeTAD

Spiro-OMeTAD is known for its absorption, especially for the wavelengths below
400 nm [29]. Reducing this absorption will be a solution to improve the performance
of the tandem solar cell, especially for illuminated solar cells from spiro-OMeTAD.
This can be achieved by replacing spiro-OMeTAD with another more transparent ma-
terial or reducing its thickness [29]. Indeed, several thicknesses have been tested:
200, 130, and 60 nm [29]. The effect of spiro-OMeTAD thickness on top and bottom
cell performances is presented in Figure 71.
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Figure 71: Effect of spiro-OMeTAD thickness on top and bottom cell performances.

Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud, et al.
Efficient monolithic perovskite/silicon tandem solar cell with cell area 1 cm?. The journal of physical
chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical Society.

For wavelengths below 400 nm, the current is improved by 0.3 mA/cm?, which is
due to the reduction in the thickness of the spiro-OMeTAD. Furthermore, a simula-
tion confirmed that good results are found with a thickness of 150 nm [29].

— The silicon heterojunction bottom cell structure

The silicon heterojunction solar cell with interdigitated back contact has demon-
strated better performance than the standard one. Using this structure in tandem
configuration may improve its performance more.

printed on 2/13/2023 2:25 AMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

5 Means to improve the performances of the tandem solar cells =—— 67

- Interface optimization
The ITO/SnO, junction is used as a recombination layer for electrical contact between
the sub-cells. However, ITO acts as an intermediate reflector, significantly reducing
the light that is transmitted to the bottom silicon solar cell [28]. By reducing the thick-
ness of this layer or by using recombination tunnel junctions, made of high reflection
index material like hydrogenated microcrystalline silicon, current generation in the sil-
icon heterojunction is enhanced leading to an improvement of the efficiency of the
tandem solar cell. In fact, the tunnel junction is used between the perovskite solar cell
and the silicon sub-cell in order to facilitate the passage of the electrons from the elec-
tron transport electrode for the perovskite solar cell to the p-type emitter of the silicon
solar cell. This approach is widely used in tandem solar cells based on perovskite and
micromorph silicon or copper indium gallium di-selenide [101].

Furthermore, the thickness of the recombination layer used in the tandem solar
cells influences the resulting performance, as demonstrated in Figure 72 [29].
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Figure 72: Effect of the thickness of 1ZO on the performances of the top cell (on the left) and those
on the bottom one (on the right), with a 200 nm thickness of the spiro-OMeTAD.

Source: Reprinted with permission from WERNER, Jérémie, WENG, Ching-Hsun, WALTER, Arnaud,

et al. Efficient monolithic perovskite/silicon tandem solar cell with cell area> 1 cm?. The journal of
physical chemistry letters, 2016, vol. 7, no 1, p. 161-166. Copyright 2016, American Chemical Society.

Figure 72 shows that as the thickness of the IZO layer increases, the current of the
bottom cell decreases, unlike the one on the top cell [29]. Thus, for a thickness of
26 nm, the perovskite solar cell is the current limiting of the tandem solar cell unlike
for the 70 nm thick IZO. The optimal situation is that where the currents of the two
sub-cells are close and that corresponds in this case to thicknesses between 40 and
50 nm of IZO. Similar results were obtained using ITO as a recombination layer [29].
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— Addition of an AR layer

The AR layer makes it possible to increase the tandem solar cell current, thanks to
the reduction of the reflection losses. Indeed, the current of the aperture area of
1.22 cm? of the perovskite top cell was increased by 10% and 16% for the bottom cell
[29]. Therefore, the tandem solar cell becomes limited by the top cell and not by the
bottom one.

6 Conclusion

Perovskite/silicon tandem solar cell is considered as one of the best ways to im-
prove the silicon solar cells, already matured. This tandem configuration is recent,
but it is in continuous progress since it becomes attractive to scientific researchers
and also for many industrials. Today, the perovskite/silicon tandem solar cell
achieved a record efficiency of 29.1%. Moreover, a matrix of parameter remains to
be optimized to produce perovskite/silicon tandem solar cells with efficiencies
close to their theoretical limit of 46% [98], at a reasonable cost, which makes it pos-
sible to maintain a competitive advantage against the most efficient solar cells, but
which are technologically the most expensive.
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General conclusion

The recent perovskite solar cells are increasingly becoming competitive with silicon
technology in terms of cost and efficiency. They offer multiple choices of materials,
structure, and simple processing methods, leading to interesting properties compat-
ible to be used in different solar cell applications either in simple or in tandem con-
figuration. Furthermore, the stability issue of this technology becomes reduced as
research progresses.

Perovskite-based solar cells show great potential to become the cheapest and
most important source of solar energy in the near future. Currently, they achieve a
record efficiency of 25.2%, rising to 29.1% when integrated on top of silicon-based
solar cells.

Furthermore, the tandem solar cells containing the perovskite sub-cell are re-
cent. They have already achieved record efficiencies higher than the current effi-
ciency of the standalone solar cells. They are an attractive alternative to other
conventional technologies and a way to improve their performances. However, sev-
eral means of improvement remain to be investigated to approach the theoretical
limit, while maintaining a competitive advantage over the most efficient solar cells,
but which are technologically the most expensive.

In addition to researchers, industrialists show a great interest to the perovskite
technology. Indeed, several collaborations have been launched, and they plan to
start the commercialization of their developed perovskite/silicon tandem solar cell
in 2021. In addition to the reduction of energy costs, these solar cells will be used in
the construction field like sunbreakers on facades and noise barriers.

Finally, the perovskite-based solar cell brings new promise and inspiration to
solar cells and their applications.

https://doi.org/10.1515/9783110760613-006
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