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1.1 Hybrid Perovskite Solar Cells

Hybrid perovskites, unique materials composed of moving organic cations and rigid
inorganic framework, show remarkable suitability as light absorbers of photovoltaic
devices, enabling us to reach a 25% efficiency in a single-cell configuration [1] and a
29% efficiency in a tandem device configuration [1] in a rather short period of time
since the first development of a hybrid perovskite solar cell in 2009 [2]. Compared
with structurally complex solar cells such as Si [3, 4], GaAs [5], and CulnGaSe, [3, 6],
the architecture of hybrid perovskite solar cells is surprisingly simple (Figure 1.1a);
by essentially sandwiching a perovskite absorber layer between the electron trans-
port layer (ETL) and the hole transport layer (HTL), a quite high efficiency exceed-
ing 20% can be realized without including complicated processing steps [7-22]. For
hybrid perovskites, no intentional doping is necessary and the interface recombina-
tion is suppressed quite well even though the heterogeneous interfaces are formed
with ETL and HTL. Hybrid perovskite polycrystalline absorbers can be formed by
a solution-based process at a surprisingly low temperature of ~100 °C [10], making
the perovskite materials extremely attractive for both large-area and tandem photo-
voltaic applications.

Hybrid perovskites, including methylammonium lead iodide (CH;NH,Pbl;;
MAPbI;) and formamidinium lead iodide (HC(NH,),Pbl;; FAPbI,), are a unique
form of ABX, perovskites consisting of organic A-site cations (A = CH,NH,*,
HC(NH,),*), B-site cations (B = Pb**, Sn?"), and X-site halide anions (X = I~,
Br~, Cl7) (see Figure 1.1b). The word “hybrid” indicates that the crystal is made
specifically by the combination of “organic” and “inorganic” components. In a
hybrid perovskite crystal, an organic cation is confined in a cage structure formed by
a BX, octahedron that is interconnected via all corners to form a three-dimensional
perovskite network (Figure 1.1a). The semiconducting properties of hybrid per-
ovskites arise from the inorganic BX; component (Section 5.4.3), and all critical
phenomena of the light absorption, carrier generation, and carrier transports occur
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Figure 1.1 (a) Operation of a hybrid perovskite solar cell consisting of a glass/transparent
conductive oxide (TCO)/electron transport layer (ETL)/mesoporous TiO, (mp-TiO,)/
perovskite layer (CH;NH;Pbl;)/hole transport layer (HTL)/metal electrode (Ag) structure,
and (b) structure of ABX; perovskite crystals, whereas A is an organic (or inorganic) cation
(A = CH;NH;* (MA*), HC(NH,),* (FAT) or Cs*), B is a divalent cation (B = PbZ* or Sn**), and
Xis a halide anion (X =17, Br~, or CL7). In (b), the structure of a BX, octahedron is indicated
by blue planes. The ionic radii are summarized in Table 3.3.

within the inorganic framework, while the organic cation plays an important role
in determining the fundamental stability of perovskite crystals (Section 3.3).

A standard hybrid perovskite device has a structure composed of glass/
transparent conductive oxide (TCO)/TiO, (ETL)/mesoporous TiO, (mp-TiO,)/
perovskite(~500 nm)/HTL/metal (Figure 1.1a). The mp-TiO, is the anatase phase
of TiO, with high porosity (~60%) [23, 24], which is helpful for improving the
efficiency [7, 25]. As ETL and HTL of the cells, a variety of inorganic and organic
layers have been applied (see Figure 11.2). The operation of the perovskite device is
straightforward; namely, the photo-electrons and holes created by light absorption
are collected in the ETL and HTL, respectively, and the electrons flow through the
outer circuit and recombine with holes at the HTL/metal interface.

Figure 1.2a shows the scanning electron microscope (SEM) image of a state-of-
the-art hybrid perovskite solar cell with an efficiency of ~21% [19]. The absorber
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Figure 1.2 (a) Cross-sectional image of a hybrid perovskite solar cell with 20.8%
efficiency and (b) surface image of the perovskite absorber layer. The hybrid perovskite
layer is a triple-cation-mixed perovskite with Cs osFA, ;0MA, ;1 Pb(l; ¢<Bry ;). The solar cell
in (a) has a standard device structure of TCO(SnO,:F)/TiO,(ETL)/mp-TiO,/perovskite/
spiro-OMeTAD(HTL)/Au. Source: Singh and Miyasaka [19].

of this cell is a triple-cation-mixed perovskite of CSFAMAPb(I,Br),, in which three
mixed cations of A = Cs*, FA*, and MA* are incorporated into the Pb(I,Br), scaffold
(Chapter 3). The structure of this device is exactly the same as that of Figure 1.1a.
Even though the grain size of the polycrystalline perovskite is relatively small (~1 pm
in Figure 1.2b), the grain boundary does not deteriorate cell characteristics signifi-
cantly (Chapter 10 and Section 11.5.3) and the high conversion efficiency can be
realized.

Historically, in the first hybrid perovskite cell developed by Miyasaka’s group
in 2009 [2], MAPbI, nanocrystals were employed as “sensitizers,” which behaved
only as the photocarrier generator without the active role of carrier transport
(Chapter 2). In 2012, the conversion efficiency of the sensitizer concept cells
improved markedly by the adoption of a thicker MAPbI, and a more sophisticate
structure of TiO,/MAPbI,/spiro-OMeTAD, reaching ~10% efficiencies [26, 27]. In
2013, Snaith’s group succeeded in developing a hybrid perovskite cell, which utilizes
a thick perovskite absorber (~300nm) for both carrier generation and transport,
demonstrating a remarkably higher efficiency of 15% [28].

Figure 1.3 summarizes the development of hybrid perovskite solar cells during
2013-2020 [1, 29-42]. The conversion efficiency of the world-record cell in 2020 is
25.2% with the short-circuit current density (J,) of 25.1 mA/cm?, the open-circuit
voltage (V) of 1.18V, and fill factor (FF) of 84.8% [1]. A high J of ~25mA/cm?
has been obtained since the early research stage, and the drastic improvement of the
cell efficiency originates mostly from the increase in V. and FF. One of the main
advantages of hybrid perovskite solar cells is a very small J, loss (Section 11.4.2),
and the current perovskite solar cell is limited by V. and FF (see Figure 12.13) [5].
The carrier collection in the perovskite devices is already 100% (Figure 11.11), and
now the experimental V. (1.18 V) and FF (84.8%) become closer to the theoretical
limits of V., = 1.28V and FF = 90%, derived for FAPbI, (Table 12.1). The con-
version efficiency of tandem devices is also improving in an unprecedented pace
(Figure 17.10), and the mass production of perovskite/Si tandem devices is already
in progress [43].
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Figure 1.3 Variation of solar cell characteristics reported for record-efficiency hybrid
perovskite devices during 2013-2020 [1, 29-42]. The solar cell performances described in
“solar cell efficiency tables” are summarized. Source: Green et al. [1, 29-42].

1.2 Unique Natures of Hybrid Perovskites

Hybrid perovskites show physical properties that are surprisingly suitable for solar
cells. Unlike conventional inorganic semiconductors, organic-inorganic hybrid
perovskites exhibit strong dynamical motion at room temperature (Figure 1.4).
In MAPbIL,, for example, MA™ organic cations confined in the PbI, cage move
(reorient) rapidly with a time scale of 5 ps (Figure 3.16). However, the movement of
MA™ is not completely random but is restricted by the hydrogen bond formed with
the PbL,~ inorganic scaffold (Figures 3.15 and 5.5). Moreover, hybrid perovskites are
essentially “soft materials” and the Pbl; octahedra show a large distortion [44, 45],
as depicted in Figure 1.4. Furthermore, under the presence of the electric field,
halide ions move easily through the three-dimensional inorganic network [46],
causing a well-known hysteresis in current-voltage characteristics (Chapter 16).
Accordingly, the dynamical structure of hybrid perovskites is quite complex, making
the theoretical interpretation more challenging (Chapter 5).
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Figure 1.4 Structure of a MAPbI; perovskite crystal. The rapid reorientation of organic
cations (MA*) within the Pbl;~ inorganic cage and large distortion of the Pbl, octahedra are
illustrated. The movement of I~ under the presence of the electric field is further shown
schematically by the orange arrows.

This section introduces the notable characteristics of hybrid perovskites
(Section 1.2.1). In particular, the fundamental physical properties of hybrid
perovskites are briefly reviewed based on the most studied MAPbI, perovskites
(Section 1.2.2). We further discuss why hybrid perovskite materials are so preferable
for photovoltaic devices and why high efficiency can be achieved relatively easily
(Section 1.2.3).

1.2.1 Notable Characteristics of Hybrid Perovskites

Solar cells are essentially optical devices, and the strong light absorption within
semiconducting absorbers is imperative. Figure 1.5 summarizes the absorption
coefficient («) spectra of representative solar cell absorbers, including MAPbI, [47],
CsFAPb(I,Br);, and an Sn-based perovskite of FAMA(Pb,Sn)I;. The optical data
are taken from Figure 4.1 (see Appendix A for numerical values) and Ref. [48]. All
the a spectra in Figure 1.5 are extracted using a reliable spectroscopic ellipsometry
technique (Section 4.4). Fortunately, all hybrid perovskite materials show high a of
10* cm™! (Figure 4.1), which is comparable to other solar cell absorbers of GaAs,
CulnGaSe, (CIGSe), CdTe, and Cu,ZnSnS, (CZTS). Systematic theoretical and
experimental analyses show clearly that hybrid perovskites are direct-transition
semiconductors without any indirect nature (Section 5.4.2) and high a near the
band gap (E,) is the direct consequence of the direct optical transition (Figure 5.8).
The constant @ of 2x10*cm™, observed near E, of hybrid perovskites, leads
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Figure 1.5 Absorption coefficient (a) spectra of representative solar cell absorbers,
including MAPbl, Cs;, ;,FA, g3 Pb(l gBry,)5, and FA; ssMA, 45 (Pbg 455N 55)15. The closed
circles in the figure show the band gap (E,) energy of each absorber. All the optical
results are extracted from reliable spectroscopic ellipsometry measurements. The hybrid
perovskite materials show high « of 10* cm~!, which is comparable to other solar cell
absorbers of GaAs, CIGSe, and CdTe. The exact numerical values of the perovskites are
summarized in Appendix A. The result of MAPbI; is taken from Ref. [47], whereas the data
of CsFAPDb(1,Br); and FAMA(Pb,Sn)l, are consistent with those shown in Figure 4.1. The
spectra of all the other inorganic semiconductors are adopted from Ref. [48]. Source:
Adopted from Fujiwara et al. [48].

to a light penetration depth of d, = 1/a = 500 nm, which is consistent with the
experimental perovskite absorber thicknesses. In contrast, in the indirect-transition
Si, a is quite low near E, (~100 cm™1), requiring a thick Si wafer of ~100 pm.

The closed circles in Figure 1.5 show the E, positions of each absorber. The E,
of MAPbI, is 1.61 eV [47, 49-51], while this value varies slightly depending on the
analysis and characterization methods (Table 4.2). The E, values of all the different
halide perovskites are summarized in Table 4.3. A low-E, perovskite material
(Eg~1.2¢eV) can be formed by mixing Sn with Pb, while wider gap perovskites
are generated by incorporating lighter halide atoms (Figure 4.9b). The A-site
cation species also modifies E, slightly in the case of APbl; (see Figure 4.9a).
Shockley-Queisser theory (Section 12.2) indicates the favorable E, range of solar
cells to be 1.0-1.6eV (Figure 12.1), which nicely overlaps the E, range of hybrid
perovskites.

In the operation of solar cell devices, one of the most critical parameters is the pho-
tocarrier diffusion length (L), which is quantitatively expressed as a product of car-
rier lifetime (7) and mobility () (Section 6.1). The larger u and 7 in solar cell active
layers directly lead to improvement in the photovoltaic performance. Rather inter-
estingly, ¢ of hybrid perovskites is not so large; in fact, u inside the polycrystalline
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grains of MAPbI, shows a moderate value of 30cm?/(V's) (Figure 6.4). This u is
far smaller when compared with that of Si (1500 cm?/(V's), see Figure 6.7). The
small i observed in hybrid perovskites can essentially be attributed to a very large
carrier—phonon interaction, as discussed in Section 6.3.4.

What makes hybrid perovskites so attractive for photovoltaic devices is a quite
long 7. Figure 1.6 compares the time decays of normalized photoluminescence (PL)
intensity (Ip; ), reported for the polycrystalline thin films of MAPDI, [52], CIGSe [53],
and CZTS [54]. The MAPbI, result has been obtained for a MAPbI, thin layer with a
passivation layer of tri-n-octylphosphine oxide (TOPO). The Iy, of Figure 1.6 shows
clearly that, in MAPDI,, the photo-generated carriers have a quite long = due to a
very low carrier recombination. If single exponential decay is assumed for I, , the
position of Ip; = 1/e ~37% directly provides = (i.e. I, = exp(—t/7)). In this case, 7
values of MAPbI,, CIGSe and CZTS are estimated to be 8 ps and 180ns and 2ns,
respectively. Although the absolute 7 is quite sensitive to the surface/interface and
passivation conditions (Figure 6.5b) [52, 53, 55-58], 7 of the hybrid perovskite is far
longer than the other polycrystalline films. One remarkable advantage of hybrid per-
ovskites is the absence of deep-level defects as revealed by density functional theory
(DFT) calculations (Section 5.6) and a suppressed defect formation within the per-
ovskite bulk layers extends 7 substantially. In contrast, in CZTS solar cells, the short
7 of the absorber layer makes the photocarrier collection difficult [59], resulting in
a low efficiency of 11% [1]. For hybrid perovskites, notable long = and moderate y
lead to a very large L, of 50-175pm in single crystals and 4-23 pm in thin films

10°% 1
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Figure 1.6 Time decays of normalized PL intensities reported for the polycrystalline

thin films of MAPbI; [52], CIGSe [53], and CZTS [54]. The surface of the MAPbI; layer is
passivated by a Lewis-base ligand, tri-n-octylphosphine oxide (TOPO). The time at which
the normalized PL intensity becomes 1/e ~ 37% gives the PL lifetime under the assumption
of the single exponential decay (i.e. /[, = exp(—t/z)). The carrier lifetime 7 obtained from
this procedure is indicated for each material. Among the materials, MAPbI; shows an
extraordinarily long = of 8 us. In the figure, the measurement noises are removed for clarity.
Source: de Quilettes et al. [52]; Metzger et al. [53]; Phuong et al. [54].

7



8

1 Introduction

(see Table 6.2). Recall that the perovskite absorber thickness is ~500 nm and Ly, is
sufficiently larger than the absorber thickness. Thus, in short, quite high efficiency
of hybrid perovskite solar cells can be understood by favorable optical properties
(strong light absorption and appropriate E,) as well as the superior carrier transport
characteristics represented by long = (or Lp).

1.2.2 Fundamental Properties of MAPbI;

Table 1.1 shows the room-temperature physical properties of MAPbI, determined
by experimental measurements [47, 49-52, 60-95, 97-99] or theoretical calculations
based on DFT [96]. This table summarizes the structural, band, optical, electric,
mechanical, and thermal properties of MAPDI,. The corresponding figure and table
numbers in this book, from which the numerical values are extracted, are also
indicated.

At room temperature, MAPbI; shows a slightly complicated tetragonal crystal
structure (see Figure 3.2). The space group of the tetragonal MAPbI, has been
discussed and confirmed to be I4cm [60-62], even though a slightly different
assignment exists (i.e. I4/mcm) [68, 100]. However, many hybrid perovskites
and their alloys exhibit a simple cubic perovskite structure (see Table 3.2). The
tolerance factor (see Figure 3.9) is a critical parameter that determines the stability
of perovskite crystals and the tolerance factor of MAPbI, (¢t = 0.91) falls within the
ideal range of t = 0.91-0.98 (see Figure 3.10).

The MAPbI, exhibits superior optical properties, such as (i) direct transition,
(ii) high a, (iii) sharp absorption edge (i.e. small Urbach energy of E; = 15meV),
and (iv) a low exciton binding energy (Chapter 4). The direct-transition nature of
the hybrid perovskite can also be confirmed from a high radiative recombination
coefficient (B = (0.1-2.3) x 10~ cm?/s, see Table 8.1), which is comparable to that
of a GaAs direct-transition semiconductor (0.72x10~° cm?/s). In other words,
MAPDI, is a good luminescence material that can also be applied for light emitting
diodes and laser diodes [101] (Chapter 8). Note that good solar cells are essentially
good photo emitters (Section 11.5.1), and a high internal PL yield of 91.9% has been
reported for MAPbI, [102]. The sharp band-edge absorption with E; = 15meV
(see Figure 4.17a) is beneficial for lowering V. loss in the solar cells (Chapter 12)
[78]. The exciton binding energy of MAPbI, (~2meV) is smaller than the room
temperature energy (i.e. kT = 26 meV) and the exciton formation is negligible
in MAPbI, (Section 4.8). Interestingly, the refractive index n and high-frequency
dielectric constant e, of MAPbI, are notably lower (n = \/a = 2.23) than other
semiconductors (see Figure 4.3a). The low n can be interpreted by the large optical
void created by the presence of the organic cations (Section 4.2). One unique optical
characteristic of MAPbI, is quite strong phonon absorption, which increases the
static dielectric constant to a very high value of €, = 34.9 (see Figure 4.2).

This strong phonon absorption is a key to understanding the moderate electron
and hole mobility of x~100cm?/(Vs) in MAPbI, (Section 6.3.4). The intra-grain
mobility in polycrystalline MAPbI; is 30cm?/(Vs), and all the perovskite thin
films show similar mobility (Figure 6.10). In the perovskite alloys, however, the
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Table 1.1 Physical properties of a MAPbI; hybrid perovskite at room temperature,
determined by experimental measurements and theoretical calculations based on density

functional theory (DFT).
Physical property Value Figure and Table  References
Structural properties
Crystal structure Tetragonal Table 3.2 [60]
Space group I4cm [60-62]
Lattice parameters a=28.849 A (a =90°) Table 3.2 and [60]
b=8.849A (f =90°) Figure 3.3
c=12.642A (y =90°)
Crystal volume 990.0 A3 [60]
Density 4.159 g/cm? [60]
Tolerance factor 0.91 Figure 3.10
MA" reorientation time ~ 5ps Figure 3.16 [63, 64]
Band properties
Band gap E,=161eV Figure 4.8 [47, 49-51]
E_ variation with E,=152+3.04x107* T eV Figure 4.19¢
temperature T (K)
ITonization potential -5.5eV Figure 11.4 [65]
Electron affinity -39eV Figure 11.4 [65]
Effective mass m; = 0.32m, (electron) Table 6.1 [66]
my = 0.36 m, (hole)
Optical properties
Optical transition Direct transition Figure 5.8 [67-70]
Absorption coefficient 1.8x10*cm™ (at 1.7eV) Figure 4.4 [47]
Radiative recombination B =(0.1-2.3)x107° cm?/s Table 8.1 [71-77]
coefficient
Urbach energy E; =15meV Figure 4.17 [78,79]
Exciton binding energy ~2meV Table 4.4 [80, 81]
Refractive index n=2.23" Figure 4.2
High-frequency dielectric e =5.0 Figure 4.2
constant
Static dielectric constant £, = 34.9 Figure 4.2
Visible/UV peak E, =253¢eV,E, =3.24¢eV Figure 4.8 [47]
Longitudinal optical (LO) @, =133cm™, Figure 4.7 [82]
phonon peak @), =40cm™!
Transverse optical (TO) W10, =32cm™t, Figure 4.7 [82]

phonon peak

— -1
W, = 63cm

(continued)
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Table 1.1 (Continued)

Physical property Value Figure and Table  References
Electric properties
Electron mobility 66cm?/(Vs) (bulk Table 6.1 [60]
polycrystal)
30 cm?/(V's) (thin film) Figure 6.4
Hole mobility 105cm?/(V's) (single crystal) ~ Table 6.1 [83]
30 cm?/(V's) (thin film) Figure 6.4
Carrier lifetime 7 = 10-82 ps (single crystal) Table 6.2 [83-86]
7 = 8 ps (thin film) Figure 1.6 [52]
Carrier diffusion length L, =50-175 pm (single Table 6.2 [83-85]
crystal)
L, =4-23 pm (thin film) Table 6.2 [75, 87, 88]
Carrier density 10°-10'° cm~3 (single crystal) ~ Figure 6.3 [60, 83]
Carrier trap density ~10' cm™3 (single crystal) [83, 86, 89]
Ton density 10'°-107 cm™3 Table 16.1 [90-92]
Frohlich parameter a =1.72-2.68 Eq. (6.6) [82,93,94]
Mechanical properties
Bulk modulus 13.9 GPa Table 6.1 [95]
Young’s modulus 14.3 GPa [95]
Hardness 0.57 GPa [95]
Shear modulus 5.4GPa [95]
Poisson’s ratio 0.33 (DFT) [96]
Thermal properties
Debye temperature 131K (DFT) [96]
Linear thermal 433%x107° Kt [97]
expansion coefficient
Molar heat capacity C,=189.6] /(K mol) [98]
Thermal conductivity 0.5W/(Km) [99]

The corresponding figure and table numbers in this book, from which the numerical values are
extracted, are also indicated.

a) n=,[e.

tolerance factor affects u indirectly (Figure 6.11). As shown in Table 1.1, 7 of
MAPbI, single crystals is larger than that of the thin films and the resulting L,
also becomes large in single crystals (Figure 6.9). The carrier density of MAPbI,
single crystals is very low (~10'° cm~3) [60, 83], while the carrier concentration in
the thin films can be controlled widely from p-type to n-type according to the pro-
cessing condition (i.e. PbL,/MAI precursor ratio in Figure 6.2) [103]. As mentioned
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Figure 1.7 Physical features that are quite advantageous for realizing high conversion
efficiencies in hybrid perovskite solar cells.

earlier, the formation of bulk defects is suppressed quite well in hybrid perovskites
(Section 5.6) and the carrier trap density is very low (~10°cm~ in the single
crystal) [83, 86, 89]. There are, however, many mobile ions in MAPbI, with a
concentration of 10'-10'7 cm™3 (Table 16.1).

Hybrid perovskites are soft materials [95] and the bulk modulus of MAPbI,
(13.9 GPa) is far smaller, when compared with conventional inorganic solar cell
materials with corresponding values of 40-100 GPa (see Table 6.1). The thermal
conductivity of MAPDbI, is also very small [99]. The abovementioned characteristics
show that a MAPbI; hybrid perovskite indeed has a mixed character of both
inorganic and organic materials.

1.2.3 Why Hybrid Perovskite Solar Cells Show High Efficiency?

High efficiencies (7 >20%) observed widely in hybrid perovskite solar cells can
be interpreted as a consequence of several physical processes summarized in
Figure 1.7. For the photocarrier generation, (i) appropriate E,, (ii) strong light
absorption (i.e. high «), and (iii) low exciton binding energy of hybrid perovskites
allow the generation of high-density carriers within the absorber upon light absorp-
tion. Moreover, in standard perovskite devices, the unfavorable light absorption
within TiO, (ETL) and TCO is suppressed quite well (see Figures 11.3 and 11.11).
Sufficient carrier generation within the thin perovskite layer (~500nm) and low
parasitic absorption in the front TCO and ETL have been essential in realizing very
high optical gain in the devices (Section 11.4.2).

For the carrier collection, the carrier recombination rate within the perovskite
layer is very small due to a low defect (or trap) density, leading to very long = and
L. Unlike conventional solar cell semiconductors, in MAPbI,, the electron and hole
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mobilities are approximately equal (Figure 6.7) and the L, values for electrons and
holes are within the same range. This is a great advantage for solar cells as both
electrons and holes need to be collected efficiently in photovoltaic devices. Remark-
ably, in the perovskite solar cells, the defect formation at the perovskite/ETL and
perovskite/HTL interfaces is also suppressed well. The small carrier recombination
within the perovskite bulk layer and at the interfaces allows us to reach high V.
(Section 11.5). Note, however, that the performance of the current high-efficiency
devices is mainly limited by the interface recombination (see Section 11.5.1).

Importantly, among all polycrystalline-based solar cells, hybrid perovskite devices
show the highest performance, even though the grain size of the perovskites is
generally small (~1 pm, see Figure 1.2). The long  and high V. observed for the
small-grain polycrystalline perovskites confirm that the grain boundary is electri-
cally benign in hybrid perovskites. In fact, the efficient extraction of photocarriers
in the grain boundary region has been confirmed experimentally (Chapter 9),
although L., is reduced slightly in the grain boundary region [104]. However,
FF increases with average perovskite grain size (Figure 11.18), and thus, the larger
perovskite grain is still preferable for obtaining higher efficiency.

As mentioned earlier, polycrystalline hybrid perovskite layers are formed at low
temperatures (~100 °C) using a spin-coating technique. It is quite surprising that
all the favorable physical characteristics shown in Figure 1.7 are obtained for such
solution-processed layers.

1.3 Advantages of Hybrid Perovskite Solar Cells

Hybrid perovskite solar cells have strong advantages, in addition to high device
performance exceeding 20%. In this section, as distinctive features of the perovskite
cells, we focus on the large band gap tunability of hybrid perovskite absorbers
(Section 1.3.1), very small V. losses in the perovskite cells (Section 1.3.2), and a
very low efficiency loss at high operating temperatures (Section 1.3.3).

1.3.1 Band Gap Tunability

One important characteristic of hybrid perovskites is the large tunability of E,. In
particular, high-quality perovskite absorbers can be prepared in a wide E, range
by mixing the B-site cation (Pb-Sn) and the X-site anion (Br-I) (Chapter 4), while
maintaining the sharp absorption edge (Figures 4.17 and 10.7). Figure 1.8 shows
the E, ranges of Pb- and Sn-based perovskite alloys, together with E, of non-alloyed
perovskites (see Table 4.3 for summary). The conventional E, range of the Pb per-
ovskites (i.e. Cs,FA MA Pb(I,Br);) is 1.55-2.3 eV, whereas the E, can be lowered
down to 1.2eV in the Sn-based perovskites of FA,MA (Pb,Sn)l; (Figure 4.10).

The large E, tunability of hybrid perovskites enables us to develop different single
and tandem cell designs. For single cells, perovskite absorbers with Eg =1.2-1.6eV
are appropriate. Wider gap perovskites of E, = 1.6-1.7¢V are suitable as the top
cells in tandem devices employing Si bottom cells (Figure 12.17 and Chapter 17).
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Figure 1.8 Band gap (E,) ranges of the Pb- and Sn-based perovskite alloys of
CsFAMAPD(I,Br); and FAMA(Pb,Sn)l5, together with £, of the non-alloyed perovskites

(see also Table 4.1). Note that £ of the Sn alloys becomes the lowest around Pb/Sn =1
due to the band gap bowing effect (see Figure 4.10c). The appropriate £, ranges for the
single and tandem cell applications are also indicated. For the perovskite/Si tandem cell,
the proper E of the perovskite top cell is 1.6-1.7 eV (see Figure 12.18), whereas in
perovskite/perovskite tandem cells, the £, values of the top and bottom cells are 1.7-1.75
and 1.2-1.25 eV, respectively (see Figure 18.6b).

The low—Eg Sn-based perovskites (Eg~ 1.25eV) further allow the fabrication of
perovskite/perovskite tandem cells (i.e. all perovskite tandem cells, Chapter 18).

Figure 1.9 summarizes the current density-voltage (J-V) characteristics reported
for the state-of-the-art Sn- and Pb-based perovskite single cells as well as per-
ovskite/Si and perovskite/perovskite tandem cells [1, 12, 21]. The solar cell
parameters and absorber E, values of these devices are also shown in Table 1.2. In
the figure, a systematic variation of the J-V curve can be confirmed according to the
Eg of the absorber. Remarkably, more than 20% efficiencies have been confirmed
for all these cells. In particular, the efficiency of the perovskite/Si tandem device
is almost 30%. The realistic efficiency of fully textured perovskite/Si devices is 36%
(Table 12.2), and thus, there is a sufficient room for further improvement. Very high
V. values observed already for the tandem cells (~2 V) are particularly promising
for the development of higher efficiency devices. One solar cell company forecasted
that the levelized cost of electricity (LCOE) of the perovskite/Si device will soon
become lower than that of Si devices as early as 2022 [43].

1.3.2 HighV,,

One strong advantage of hybrid perovskite solar cells is quite high V., which can
be explained by the suppression of the defect formation in the bulk layer as well as
at the interfaces. Figure 1.10 shows the V. of the perovskite single cell as a function
of the absorber E o [105], together with the V. limit derived from Shockley—-Queisser
theory (see Section 12.2 and Appendix B). For the perovskite cells with E, <1.65€V,
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Figure 1.9 Current density-voltage (/- V) characteristics reported for the
state-of-the-art Pb- and Sn-based perovskite single cells as well as perovskite/Si and
perovskite/perovskite tandem devices [1, 12, 21]. The absorber of the low-£, perovskite
(single) is FA,;MA, 5(SnysPb, )l [21], whereas the result of the perovskite (single) is
obtained with FAPbI, with a 3.8 mol% of methylenediammonium dichloride [12]. For the
perovskite/perovskite tandem cell, the top and bottom cell absorbers are

Csg05MAG 45 FAG oPb (1) 95Bro5)5 and FA;;MA, 5(Sn, sPb, 5)l5, respectively [21]. The hybrid
perovskite solar cells show the hysteresis in the /-V measurements and the /-V
characteristics in the figure correspond to those obtained in the reverse scan, which show
slightly higher efficiencies, compared with the forward scan. The solar cell characteristics
of the corresponding cells are shown in Table 1.2. Source: Green et al. [1]; Min et al. [12];
Lin et al. [21].

Table 1.2 Efficiency (1) and characteristics of perovskite-based single and tandem solar

cells.
jSC VOC
Device E g (eV) n(%) (mA/cm?) (V) FF References
Sn-based perovskite single® 1.22 2119 314 0.83 0.808 [21]
Pb-based perovskite single® 1.559 246 265 1.14 0817 [12]
Perovskite/Si tandem 1.689/1.11 29.1 19.7 1.89 0.778 [1]
Perovskite/perovskite tandem? 1.77/1.22  24.8” 156 1.96 0.810 [21]

The band gap (E,) values of the perovskite absorber layers are also indicated.

a) FA ;MA,;(Sn,sPb, ).

b) Characteristics obtained from the J-V curve sweep in the reverse direction.

c) FAPbI, with MDACI, (3.8 mol%). MDACI, is methylenediammonium dichloride.
d) Eg of FAPbI, shown in Table 4.3.

e) E, of the perovskite shown in Table 17.1.

f) Top cell: Cs, (sMA, sFA o Pb(I 45 Br, )5, bottom cell: FA ,MA ,(Sn, .Pb, J)I,.
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Figure 1.10 V, of hybrid perovskite single cells as a function of the absorber £_. More
complete data are shown in Figure 17.9. The closed circles show the values of the
reported experimental cells, whereas the solid line indicates the V. limit derived from
Shockley-Queisser theory. The numerical values of the theoretical results are shown in
Appendix B. Source: Adapted from Jost et al. [105].

the V. is remarkably high and V. increases with E, without significant V. loss.
In particular, a quite high V, of 1.26 V has been reported for a pure MAPbI, cell
[16]. This V. is very close to the theoretical limit of 1.32V (see Table 12.1), with
the V. loss of only 60 mV. In realizing such a high V. in the perovskite cells, the
suppression of the pinhole and the interface defects is critical (see Figure 11.14).
Note that the formation of interface defects is particularly sensitive to the selection
of ETL and HTL. In other words, the maximum V _ is determined by the total
amount of defects formed at the perovskite/ETL and perovskite/HTL interfaces
(Figures 11.15 and 11.16), provided that L, of the bulk layer is sufficiently long. The
introduction of sophisticated passivation layers in the perovskite rear interfaces is
quite effective in reducing the interface recombination and thus obtaining high V'
(see Figure 11.17).

When the E, of the perovskite becomes larger (>1.65€V), however, the V. tends
to become lower than the theoretical value (see also Figures 17.9 and 18.10a). This
phenomenon can be interpreted by the strong instability observed in APb(I,Br),
perovskites with high Br contents; namely, upon light illumination, mixed I-Br
perovskites show a phase segregation into the I-rich and Br-rich regions [106, 107],
which in turn lowers the effective E, (see Figure 8.7), leading to a lower V.. Numer-
ous attempts have been made to suppress the phase separation effects (Section
18.3.3) but a new breakthrough is still necessary to suppress the light-induced
segregation observed in wide-gap Br-based perovskites. Recall from Figure 1.8,
however, that high-quality perovskites with E, <1.65¢eV fulfill the E, requirement
necessary for top cells in perovskite/Si tandem devices (Figure 12.17), whereas
the wide-gap perovskites become particularly important for all perovskite tandem
devices (Figures 14.16b and 18.6b).
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1.3.3 Low Temperature Coefficient

Photovoltaic devices rarely operate at room temperature and high power output is
necessary even under high-temperature operation conditions. Figure 1.11 shows
the variation of normalized conversion efficiency (or output power) with solar cell
(or module) operating temperature for hybrid perovskite [108], conventional Si
(i.e. PERC: passivated emitter and rear cell) [109-111], Si heterojunction [112], and
CulnGaSe, [113, 114] solar cells. Among these photovoltaic devices, the perovskite
shows the lowest temperature coefficient (TC) of —0.17%/°C, which is far better
than the conventional Si module that shows TC of —0.37%/°C. It is quite remarkable
that nearly 90% efficiency is maintained in the perovskite device even at a high
operating temperature of 85 °C.

The solar cell efficiency reduction at higher temperature essentially originates
from the reduction of V.. In general, this V , reduction can be explained by
two factors; (i) the decrease of E, at high temperature and (ii) the increase of
blackbody radiation with temperature that in turn increases the J, dark current (see
Figures 12.5a and 12.6b). Remarkably, unlike conventional tetrahedral-bonding
semiconductors (i.e. Si, GaAs, CdTe, and CulnGaSe,), E, of hybrid perovskites
increases with temperature (Figure 4.19), which is quite beneficial to improve TC.
The interface properties also affect TC, and indeed, high-efficiency Si heterojunc-
tion solar cells exhibit better TC, if compared with the conventional Si PERC cells
[112]. Thus, the combination of a hybrid perovskite top cell with a Si heterojunction
bottom cell is quite favorable in the view point of the TC.

1.4 Challenges for Hybrid Perovskites

For hybrid perovskite solar cells, critical challenges remain, even though quite
high device efficiencies have already been realized. One significant drawback
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of hybrid perovskites that limit practical applications as photovoltaic materials
is strong instability (Chapter 15). Specifically, hybrid perovskites are inherently
unstable and exhibit strong phase changes upon light illumination, temperature
increase, and exposure to humid air [115-121]. Thus, a major challenge exists
for improved stability of the perovskite solar cells. In addition, in a large-area
perovskite photovoltaics, the demonstration of high conversion efficiency becomes
increasingly difficult, if compared with small-area devices. Furthermore, hybrid
perovskites contain a toxic Pb element, which is environmentally detrimental.

In this section, I briefly review weak points of hybrid perovskite solar cells.
Section 1.4.1 explains the instability of hybrid perovskite crystals, which is the
most serious problem for device applications. In Section 1.4.2, we further see the
latest development for the large-area devices. In the final section (Section 1.4.3), we
discuss the toxicity of Pb- and Sn-based compounds formed by the decomposition
of hybrid perovskites.

1.4.1 Requirement of Improved Stability

Under light illumination, humid-air (H,0/0,) exposure and high temperatures,
hybrid perovskites transform into Pbl,-dominated phases [115-121]. Figure 1.12
indicates the changes of a thin MAPbI; polycrystalline layer (50nm) observed
after the temperature increase (i.e. (a)—(c)) [47] and exposure to humid air
(i.e. (@)= (f)) [121]. Figure 1.12a shows the surface image of a MAPbI, layer
formed by co-evaporation at room temperature, and this layer consists of very
small MAPDI; grains. Rather remarkably, larger MAPDI; grains are formed by
thermal annealing at a temperature as low as 80 °C (see Figure 1.12b). This tem-
perature is far lower than the thermal annealing (or process) temperatures of other
semiconductors including Si, CdTe, and CIGSe. As we have seen in Figure 1.11,
a temperature of 80°C is well within the operating temperature of solar cells,
but this temperature corresponds to the annealing temperature for the hybrid
perovskite.

When MAPbI, is maintained at an elevated temperature of 100 °C for 45 minutes,
a thermal desorption of volatile MA components occurs, leading to the formation
of Pbl, polycrystals (Figure 1.12c). Note that, in conventional solution-based
approaches, the process temperatures of hybrid perovskites are ~100°C [10] and
the strong phase variation observed at ~100°C is not surprising. Accordingly,
easy formation of the hybrid perovskite phase at low temperatures has a natural
drawback of thermal instability. Importantly, the thermal stability can be improved
ifa heavier organic cation (i.e. FA") isadopted [122], and indeed, FAPbI, is stable up
to 150 °C (see also Figure 3.14). The CsFAPb(I,Br), perovskites, which show better
thermal stability than MAPDbI,, are frequently employed for solar cell fabrications
[123-126], although a triple-cation-mixed perovskite, CSFAMAPbH(L,Br),, is now
quite popular as an absorber material [18-21] (Chapter 13).

When hybrid perovskite crystals are exposed to humid air, the perovskite phase
is transformed completely to hexagonal-shaped Pbl,/hydrate crystals even at a low
relative humidity of 40% (see Figure 1.12d,e). Hybrid perovskites are ionic crystals,
and the presence of H,O leads to the decomposition of the perovskite structures
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Figure 1.12  Structural changes of a thin MAPbI; polycrystalline layer (50 nm) observed
after the temperature increase (i.e. (@) — (c)) and exposure to humid air (i.e. (@) — (e)). The
SEM image of (a) shows the surface morphology of a MAPbI; layer formed on a ZnQ/Si
substrate by co-evaporation at room temperature. The surface images of (b) and (c) were
obtained after thermal annealing at 80 and 100 °C for 45 minutes, respectively. The thermal
annealing at 80 °C leads to the large grain formation, whereas the 100 °C annealing induces
the phase transformation to Pbl,. In (d), the phase change of MAPbI; observed after the
exposure to humid air (40% relative humidity, 48 hours) is shown. The image of (e) was
obtained by further annealing the structure of (d) at 100 °C, but this thermal annealing does
not change the structure and morphology. The exposure to humid air leads to the formation
of Pbl,/hydrate crystals. Source: (a-c) Shirayama et al. [47]; (d, e) Shirayama et al. [121].

(Section 15.3). For the suppression of the degradation by humid air, the introduc-
tion of protective (passivation) layers at the solar cell rear interfaces has been quite
effective [127-131].

Hybrid perovskites also show instability for light illumination (Figure 15.9)
[115-119], and the strong light-induced phase segregation further occurs for
mixed-halide perovskites [106, 107], as mentioned earlier. In the presence of an
electric field, the halide ions migrate (see Figure 1.4), modifying the J-V charac-
teristics (Chapter 16). The Sn-based perovskites are more unstable, compared with
the Pb-based perovskites, due to the rapid oxidation of Sn?* to Sn** in air [132].
The large instability observed in hybrid perovskites owes to the nature of chemical
bonding; namely, for the inorganic framework of Pbl;~, for example, the overlap of
the wave functions between Pb and I atoms is weak, and the electronic charges of Pb
and I are isolated (Figure 5.6) due to the antibonding character of the Pb—I bonds
(see Figure 5.12). Thus, hybrid perovskites lack the strong bonding character and
the Pb—I bonds are easily broken by external factors such as electronic excitation,
electric field, temperature, and humidity.

For evaluating the stability of hybrid perovskite solar cells, a single degradation
process of either heat, humidity, or light illumination may not be sufficient as the
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solar cells are operated in more extreme conditions of simultaneous strong light
illumination, high temperatures, and high humidity. Accordingly, extensive efforts
continue to find the long-term stability of hybrid perovskite solar cells.

1.4.2 Large-Area Solar Cells

Different types of large-area photovoltaic modules (i.e. single and tandem devices)
can be formed for hybrid perovskites because of the high E, tunability. For the per-
ovskite single modules, however, the realization of high module efficiencies becomes
more challenging, if compared with wafer-based perovskite/Si tandem devices, as
described below.

Figure 1.13 shows the conversion efficiencies of record-efficiency devices (hybrid
perovskite, Si, and CIGSe) as a function of the cell (or module) area. The data are
taken from Ref. [1]. For hybrid perovskites, a quite high efficiency of # = 25.2% has
been obtained for small-area devices (0.09 cm?). Recently, a very high efficiency of
17.9% has been realized for the large-area module with a size of 30 x 30 cm? (aperture
area: 802 cm?, see inset) [133], which was formed by an inkjet printing technology
[134]. Over the years, the efficiency of the large-area devices has improved rapidly
[35-42], but the efficiency is still lower than the small-area devices. The same trend
can also be confirmed for CIGSe modules.

For thin-film large-area modules, it is more difficult to obtain high efficiency
due to the essential requirements of (i) very high uniformity for all the constituent
layers without the formation of pinhole, (ii) thicker TCO layers, compared with
small-area devices, and (iii) increase of dead area (3-10%) due to the formation of
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Figure 1.13 Conversion efficiencies of record efficiency devices (hybrid perovskite, Si,
and CIGSe) as a function of the cell (or module) area. The data are taken from Ref. [1].
The inset shows the image of a large-area hybrid perovskite module with a size of

30 x 30 cm? (aperture area: 802 cm?), which was fabricated by Panasonic using an inkjet
printing technology [133]. A very high efficiency of 17.9% has been reported for the
large-area module. Source: Photograph of the large-area module is taken from Ref. [133]
with permission.

19



20

1 Introduction

series interconnections [134]. The large-area modules consist of a large number
of rectangular-shaped subcells (see Figure 1.13), and the current is flowing by
recombination at each subcell. In other words, J, of the module is determined by
the lowest J,. among all the subcells and high-quality control is necessary for all
the layers. Moreover, in the large-area module, the carriers need to transport over
longer distances, compared with small-area devices, and thicker TCO layers are
generally necessary to lower series resistance. Nevertheless, if a thick TCO layer is
employed, the J . loss increases due to the strong light absorption by free carriers
in TCO [59]. The free carrier absorption in TCO increases in low energies and its
effect becomes significant in the devices with lower E, [135]. In this point of view,
the Pb-based perovskite single module is more advantageous than the Sn-based
perovskite single module.

In contrast to the perovskite and CIGSe modules, the efficiency of Si devices
remains high in Figure 1.13 even when the module area is increased. This is the
result of a simple quality control that can be adopted in wafer-based Si devices
with a size of 15 x 15 cm?. Specifically, the conversion efficiencies of each Si device
can be checked in advance before forming the large module. Thus, high-efficiency
modules can be formed by simply selecting high performance cells, while some
cells with poor performance are utilized as a lower output module. Consequently,
a better quality control can be realized for wafer-based perovskite/Si tandem
modules, compared with large-area monolithic single modules. Note, however,
that the structure of the tandem cells (see Figure 12.14a, for example) is far more
complicated than that of the single cells, and there are technological challenges for
the tandem devices.

In the large-area perovskite/perovskite or perovskite/CIGSe modules, the
tandem-type subcells are formed, and two current matching conditions for the top
and bottom cells as well as each subcell need to be established. The thick TCO
layer is also required for this type of module and the high-mobility TCO becomes
important to gain sufficient Jy. particularly for low-E, bottom cells [135, 136].
Accordingly, technological hurdles for obtaining better efficiencies are expected to
be higher for these modules.

1.4.3 Toxicity of Pb and Sn Compounds

High toxicity of a Pb heavy metal is a serious problem that cannot be avoided in
Pb-based hybrid perovskite devices. Although the Pb metal content in a hybrid per-
ovskite solar panel (~1m?) is only a few hundred milligrams, its environmental
impact could be very large [137-139]. For CdTe solar modules, the hazardous effect
of a Cd heavy metal is also taken seriously. However, CdTe is a thermally and chem-
ically stable compound, while hybrid perovskites are unstable and show a very high
solubility for water [137, 138]. For the perovskite modules, worst case scenarios are
that (i) the breakage of the solar panels under strong storm and flooding leads to
the accumulation of hazardous compounds as a result of the transportation by soil
water and (ii) firing of the modules causes the emission of toxic fumes, creating a
very damaging environment for living species.
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Figure 1.14 (a) Survival rate (day 4) of zebrafishes exposed to aqueous solutions with
different concentrations of Snl, and Pbl, toxicant and the photographs of (b) healthy
zebrafish, () zebrafish exposed to Pbl, (1 x 10~2 mM), and (d) zebrafish exposed to Snl,
(1.6 x 10~ mM). The Snl, is more hazardous than Pbl,. Source: Babayigit et al. [137].

The toxicity of Pb and Sn is well studied and, when Pb is introduced into a human
body, it accumulates in bone with a very long half-life of 20-30years [138], caus-
ing serious health problems. Although Sn-based perovskites are often treated as
a more environmentally friendly alternative to Pb-based perovskites, Snl, formed
by the decomposition of Sn-based perovskites is more lethal than PbI, [137, 138].
Figure 1.14 shows the survival rate (day 4) of zebrafishes exposed to aqueous solu-
tions with different concentrations of Snl, and Pbl, toxicant [137]. It can be seen
that the survival rate is much lower in the SnI, solution than in Pbl,, and both Snl,
and Pbl, have serious impacts on the fish growth. The detrimental effect of SnI, can
be interpreted by the reaction pathways of Snl, in water [137]:

8Snl, + 4H,0 + O, — 2Snl, + 6Sn(OH)I + 2HI 1.1
where Snl, further decomposes into
Snl, + 2H,0 — SnO, + 4HI (1.2)

The harmful influence of Snl, largely originates from the formation of hydroiodic
acid (HI), which reduces the pH of the solution to a very low level (pH ~2 ata 1 mM
concentration). In contrast, the reaction of Pbl, in H,O is proposed as follows [137]:

PbI, + H,0 — Pb(OH)I + HI (1.3)

Thus, the HI formation is more suppressed for Pbl,, with a milder pH of 5 ata 1 mM
level. Consequently, environmental health effects are not simply determined by the
character of elements but by the nature of chemical compounds.

By considering the above, roof-top application of hybrid perovskite modules is dif-
ficult and large-area operations as solar farms are more appropriate. The structural
failure of photovoltaic modules could give a significant influence on environment
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and health; therefore, fail-safe measures for the encapsulation of photovoltaic mod-
ules are important. Similar to CdTe solar panels, cost-effective and environmentally
friendly 100% recycling programs are also required for hybrid perovskite modules.

1.5 Overview of this Book

This book aims to provide overall understanding for unique hybrid perovskite
photovoltaics, covering both the fundamental characteristics of hybrid perovskites
(Part I) and the outstanding features of hybrid perovskite photovoltaics (Part II).
In this book, after the general introduction (this chapter), the overview of hybrid
perovskite solar cells (Chapter 2) is presented. In particular, Chapter 2 describes the
short summary for the development and advance of hybrid perovskite solar cells,
featuring the key aspects of the perovskite devices.

In Part I of this book (Chapters 3-10), the fundamental properties of hybrid
perovskites, which are necessary to interpret the remarkable performance of the
perovskite devices, are described. Specifically, in Chapter 3, the crystal structures of
various hybrid perovskites and their secondary phase materials are explained. The
understanding of the detailed perovskite structures described in Chapter 3 is critical
in interpreting the physical properties and stability of hybrid perovskite crystals.
Chapter 4 provides descriptions of the optical properties of hybrid perovskites,
explaining the strong advantages of hybrid perovskites as light absorbers. Chapter
5 focuses on band and defect properties of hybrid perovskites, determined by DFT.
In particular, this chapter emphasizes that hybrid perovskites are direct transition
semiconductors and the deep-defect formation is negligible. In Chapter 6, the
superior carrier transport properties of hybrid perovskites are described. This
chapter provides detailed interpretations for very long carrier diffusion length in
hybrid perovskites.

Hybrid perovskite materials show complex ferroelectricity, and their unique
ferroelectric characters are described in Chapter 7. The favorable PL properties of
hybrid perovskites (Chapter 8) are important characteristics, and the understanding
of the PL result is critical for the interpretation of the efficiency loss mechanism
in the perovskite solar cells. Chapter 9 describes the physical properties of the
perovskite grain boundary. This chapter further reviews the latest developments of
the grain-boundary engineering. In Chapter 10, the roles of organic center cations
in hybrid perovskite crystals are introduced in the optical point of view.

In Part II of this book (Chapters 11-18), working principles for different types
of hybrid perovskite photovoltaics are explained. In this part, the operational
principles and important features of hybrid perovskite solar cells are described.
Specifically, Chapter 11 shows that hybrid perovskite solar cells have very simple
structures and their operation is quite straightforward. The latest approaches for the
interface passivation are also introduced in this chapter. In Chapter 12, efficiency
limits of single and tandem devices are deduced theoretically, and all the fundamen-
tal aspects necessary to understand the theoretical physical limits of the solar cells
are explained. With respect to emerging hybrid perovskite devices, mixed-cation
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perovskites (Chapter 13) and Sn-based perovskites (Chapter 14) are particularly
important. In Chapter 13, the authors review the critical variations of hybrid
perovskite cell characteristics by A-site cation mixing. The rapid advancement of
low-gap Sn-based perovskites and the key factors for the efficiency improvements
are explained in detail in Chapter 14.

As mentioned earlier, the stability of hybrid perovskite devices is the most serious
problem and this vital issue is treated in Chapter 15. Furthermore, hysteresis that
appears in the J-V curves of hybrid perovskite cells is a complex phenomenon. The
physical origin of this problematic hysteresis character is presented in Chapter 16.

In the final two chapters (Chapters 17 and 18), the basic and latest developments
of hybrid perovskite tandem devices are reviewed. In Chapter 17, the tandem
devices formed by the combination of hybrid perovskite solar cells with Si and
CIGSe devices are introduced. The perovskite/Si tandem technology is developing
fast with an unprecedented pace and could become a field of main interests in
near future. All perovskite tandem cells with a Pb-based perovskite top cell and an
Sn-based perovskite bottom cell also show rapid advancement. In Chapter 18, the
fundamental and advanced concepts of all perovskite tandem cells are reviewed.
The abovementioned overall descriptions allow us to gain in-depth knowledge
for the basic characteristics of hybrid perovskites and to further understand the
fundamental and advanced aspects of hybrid perovskite solar cells.
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