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Abstract 

As an alternative to single crystal silicon photovoltaics, thin film solar cells have 

been extensively explored for miniaturized cost-effective photovoltaic systems. 

Though the fight to gain efficiency has been severely engaged over the years, the 

battle is not yet over. In this review, we comb the fields to elucidate the strategies 

towards high efficiency thin films solar cells and provide pointers for further 

development. Starting from the photoelectron generation, we look into the 

fundamental issues in photoelectric conversion processes, including light harvesting 

and charge handling (separations, transportations and collections). The emerging 

organic-inorganic halide perovskite systems, as well as the rapidly developed 

polycrystalline inorganic systems, organic photovoltaics and amorphous silicon cells 

are discussed in detail. The biggest bottleneck for the cost-effective polycrystalline 

inorganic cells is the composition sensitivity and deep defects; for amorphous 

silicon cells, it is the quantum of the dangling bonds; for organic cells, it is the low 

charge carrier mobility and high exciton binding energy; and for perovskite cells, it 

is the environmental degradation and the controversial mechanisms of generation 

of I-V hysteresis. Strategies of light harvesting and charge handling as well as 

directions to break the bottlenecks are pointed out. 
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transport and collection, perovskite, stability 

Note: Dr. Pablo P. Boix’s current affiliation: Instituto de Ciencia Molecular, Universidad de Valencia, c. 

Catedratico J. Beltran2, 46980 Paterna, Valencia, Spain 

mailto:MSYZhang@ntu.edu.sg
x-apple-data-detectors://1/


  

2 
 

 

Table of Contents 

1. Introduction 

Thin film solar cells have encountered bottlenecks for efficiency hike. We review the 

design rules and strategies for high efficient thin film solar cells to provide better 

design guidance for veterans and also an easy to follow introduction to newcomers 

in this field. 

 

2. Thin film solar cells 

To provide the basis for discussion on efficiency enhancement, currently widely 

studied four categories of thin film solar cells are discussed with regard to how they 

work: polycrystalline inorganic [Cu(In,Ga)(S,Se)2 (or CIGSSe for short), 

Cu2ZnSn(S,Se)4 (or CZTSSe)], amorphous silicon (a-Si), organic photovoltaics (OPV) 

and organic-inorganic halide perovskite (perovskite) and etc. 

 

3. Strategies towards high efficiency 

Based on the working principles, strategies in achieving high efficiency is discussed 

in a few aspects in serial, i.e., Light harvesting, Charge dissociation, Charge 

transportation and collection. 

3.1. Light harvesting 

This section starts briefly with what happens when a ray of light hit a 

semiconductor, how photoelectron is generated and transported outside to produce 

electricity.  Making use of the available light to the fullest extent is light harvesting. 

Other related topics discussed in this section are Bandgap adjustment and Light 

utilization.  Also mentioned in this section is how to make the solar cell Efficient yet 

transparent (as this is a matter of selective transmission of light in the visible range). 

3.2. Charge dissociation 

Creation of an effective “photoelectron” involves separation the electrons and holes 

or electron/hole pairs. p-n junction, p-i-n junction and heterojunction are illustrated 

respectively for charge dissociation in inorganic, amorphous silicon, and organic 

solar cells. The charge dissociation mechanism in organic-inorganic halide 
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perovskite is still not clear. Ferroelectric domain and built-in electric fields are two 

proposed mechanisms. Their limitations are analysis in detail. 

3.3. Charge transportation and collection  

As the electrons and holes are separated they need to be “safely” transported to the 

collection electrode in order to avoid recombination. Charge carrier mobility, 

effective mass, scattering time, etc. are the affecting factors. Influences of 

composition, surface integrity, grain size and grain boundaries, device configuration 

design are also discussed. Strategies of process control and device configuration 

design to gain efficient charge transport and collection are proposed. 

 

4. Reliability and stability 

Success of the solar cell in real application lies largely on its reliability and stability. 

This section focus more on perovskite cells as they have great application potential 

but yet encounter the biggest problem in this regard. These includes appearance of 

the hysteresis in I-V curve, the degradation mechanism of perovskite solar cell 

against environmental parameters, such as heat, moisture, oxygen, light and 

interface, are thoroughly explained and improvement strategies discussed. 

 

5. Summary 

The key obstacles in the four major cell categories are summarized and direction for 

breakthrough pointed out. Also summarized are the strategies in achieving high 

efficiency solar cells in each and every critical stage. 

 

 

1. Introduction 

Currently single crystal silicon (Si) solar cell exhibits a conversion efficiency of 

about 25% and has dominated the solar cell market. However, due to low light 

absorption and indirect bandgap features, single crystal Si layers of around 

200~250 µm in thickness are usually needed to efficiently harvest the sunlight. It 

has been widely used in solar farms and building roofs. This, however, is not 

suitable for integrated photovoltaic, such as windows and facades, nor for electronic 

devices that require flexibility and transparency. Therefore, thin film solar cells 
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emerged and have attracted increasing attention. In this review, we start from the 

design rules and strategies for high efficient thin film solar cells, in an attempt to 

provide better design guidance for veterans and an effective introduction to 

newcomers. Thin film solar cell examples covered in this review are mainly of the 

following four categories: polycrystalline inorganic [Cu(In,Ga)(S,Se)2 (or CIGSSe for 

short), Cu2ZnSn(S,Se)4 (or CZTSSe)], amorphous silicon (a-Si), organic photovoltaics 

(OPV) and organic-inorganic halide perovskite (perovskite) and etc. 

This review is organized into five sections. Section 1 is this introduction. Section 2 

illustrates solar cell basics and the origins of thin film solar cells.  Section 3 dives 

into how to obtain high efficiency. Section 4 focuses on the reliability and stability in 

perovskite cells and finally section 5 summarizes the whole review and highlights 

the key bottleneck in each of the four categories.  

 

2. Thin film solar cells 

The efficiency of conversion of light into electrical power, or simply termed 

conversion efficiency, is defined as the ratio of the output electricity to the input 

energy of sunlight. In practice, the power conversion efficiency (η) of a solar cell is 

defined as the ratio of the maximum power output, Pmax, generated by the solar cell 

to the power input, Pin, based on the measurement of current density and voltage (I-

V) curve :[1]  

   
    

   
  

       

   
  

          

   
                                                         (1) 

Where Jmp and Vmp are the current density and voltage at the maximum power point 

(c.f., Fig. 1), Jsc is the short circuit current density, Voc is the open circuit voltage, and 

FF is the fill factor. Fig. 1 is a typical I-V curve used in solar cell efficiency illustration.  
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Fig. 1. A typical I-V curve in solar cell efficiency illustration 

 

The fill factor FF is introduced to simplify the calculation of the efficiency, and is 

defined as the ratio of the areas of the two rectangles determined by Jmp and Vmp 

(blue in Fig. 1) and by Voc and Jsc (green in Fig. 1), respectively. Accordingly, the three 

parameters of Voc, Jsc and FF combine to compute the efficiency of a device. The open 

circuit voltage Voc is, in theory, determined by the energy difference of quasi-Fermi 

levels between p- and n-type semiconductors under illumination. The short circuit 

current density Jsc is a product of 3 aspects of efficiency: light harvesting, charge 

separation and charge collection. The light harvesting efficiency is dependent on the 

absorbance of a semiconductor.  

Based on the photoelectric phenomenon, two factors should be of concern in 

producing more photoelectrons: bandgap energy and incident photon energy. As 

seen in Fig. 2, semiconductors that have bandgap higher than 3.1 eV can only absorb 

ultraviolet (UV, wavelength of 280-400 nm) light. For a semiconductor that has a 

bandgap of 1.77 eV, all of UV and visible light (VL, wavelength of 400-700 nm) are 

able to excite electrons from valance band to conduction band, but not the infrared 

portion (IR, wavelength of 700-4000 nm). The visible and infrared light (VL and IR) 

accounts for 43.0% and 52.5% [AM 1.5G according to ASTM G173] of the total 

energy of solar spectrum, respectively. 
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Fig. 2 (a) energy distribution of solar spectrum (as determined by AM 1.5G according to ASTM G173) 

and (b) the corresponding energy level and wavelength  

 

We focus our attention to polycrystalline inorganic, organic photovoltaics, 

amorphous silicon and organic-inorganic halide perovskite cells. As epitaxial III-IV 

group thin film solar cells are based on single crystal films thus not covered in this 

review. 

 

 2.1 Polycrystalline inorganic cells  

In this category of solar cells, the most famous ones are Cu(In,Ga)(S,Se)2 or CIGSSe  

and Cu2ZnSn(S,Se)4 or CZTSSe.  For a long time it is believed that grain boundary is 

detrimental to solar cell performance since it causes serious recombination. 

However in materials like CuInSe2, because of the special chemical structure, the 

grain boundary shows low recombination velocity which allows high efficiency solar 

cell even when polycrystalline materials with grain size of a few microns. This is a 

revolution from single crystal to polycrystalline thin film solar cells. Bell Telephone 

Laboratories first reported CuInSe2 (CISe) single crystal solar cell with an efficiency 

of ~5% in 1974 [2, 3]. Later gallium (Ga) and Sulphur (S) were introduced to CISe 

system to obtain CIGSSe with a recording efficiency of 21.7% [4, 5]. CIGSSe is a 
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direct bandgap semiconductor with light absorption coefficient much higher than 

conventional silicon. Also, its bandgap can be adjusted by composition design to 

match the optimized bandgap according to solar spectrum (around 1.5 eV). As a 

result, CIGSSe of only several microns is thick enough to absorb sufficient photon 

energy. 

In light of the cost saving, efforts were made to eliminate the use of In and Ga. 

Complete replacement of In with Zn and Ga with Sn gave rise to Cu2ZnSn(S,Se)4 or 

CZTSSe [6, 7], but with an efficiency of less than 13% even up to date. Analysis of 

this problem is given in Section 3. 

 

2.2 Amorphous Si (a-Si:H) 

The first amorphous silicon (a-Si) layer was reported as ‘silicon from silane’ in 1965 

by Sterling and Swann through chemical vapour deposition [8]. However, less 

attention was paid at that time as compared to single crystal Si. For the latter, each 

silicon atom is covalently bonded to four neighboring atoms. In contrast, the a-Si has 

extremely high density of dangling bonds (as shown in Fig. 3) and hence high 

density of intra-gap states (1021 cm-3) [9], which induce immediate recombination of 

carriers and pins the energy level. Until ten years later, Spear and LeComber [10] 

reported that the conductivity of a-Si can be controlled over many orders of 

magnitude through incorporating phosphine or diborane gas during deposition. It 

was later recognized that hydrogen plays an important role in a-Si, which passivates 

most of the dangling bonds and reduces the trap density to around 1015-16 cm-3 (cf. 

Fig. 3 where those with small circles are passivated bonds) [9]. The hydrogen 

alloying happens during the deposition of a-Si film since SiH4 is widely used as 

precursor. Therefore a-Si is often called hydrogenated amorphous silicon denoted 

as a-Si:H.  
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Fig. 3 Schematic representation of the atomic structure of (a) single crystal silicon, (b) hydrogenated 

amorphous silicon. Reprinted with permission from ref. [9] 

 

Compared to single crystal Si, the a-Si:H exhibits a high absorption coefficient in 

visible light range. A thickness of 1 μm is sufficient to absorb 90% of the usable solar 

energy. Besides, large area of a-Si:H can be processed by chemical vapor deposition 

at relatively low temperature (100~400°C). Due to these advantages and earth 

abundant Si, a-Si:H attracts more interests. However, the long range disorder nature 

of a-Si:H hinders the carrier mobility and diffusion length. A highest stable 

conversion efficiency obtained to date is 13.6% [4]. 

 

2.3 Organic photovoltaics 

Thin film organic photovoltaic (OPV) is developed in parallel, where organic 

materials are prepared by solution-based process [11]. Similar to planar p-n or p-i-n 

junction of inorganic solar cells, organic planar devices were first produced with an 

efficiency of only around 1%. As the diffusion length is too short, the excitons are 

difficult to reach the heterojunction to dissociate into free electrons and holes 

before they get annihilated. Breakthrough originates from the concept that a bulk 

distributed interface to efficiently capture and dissociate excitons, named as bulk 

heterojunction [12]. The low-cost and flexible feature makes the OPVs a good 

candidate for cost-effective photovoltaics [13], although the state-of-the-art 

efficiency is still below 12% [14].  
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2.4 Organic-inorganic halide perovskite 

As an extension of the idea of bulk distributed interface in OPVs, Graetzel developed 

dye-sensitized solar cells (DSSC, also called Graetezl cell), in which a porous 

titanium dioxide (TiO2) nanoparticles is formed on the top of compact TiO2 layer. A 

monolayer of organic sensitizer is absorbed on the nanoparticles and liquid 

electrolyte of redox couples fills up the pores. Under illumination, the excited 

electrons produced by the sensitized molecules inject into the conduction band of 

TiO2. The sensitizers are recovered by the electrons supplied from the liquid 

electrolyte within the pores [15]. The Graeztel cell separates the absorption, the 

charge transport and collection processes in a photovoltaic device. Miyasaka and 

coworkers first use inorganic-organic halide perovskite as the sensitizer in DSSC 

and achieved an efficiency of 3.8% with a high photovoltage of 0.96V [16]. A 

breakthrough was made in 2012 by Park, Graetzel and coworkers using a solid-state 

hole transporting materials instead of liquid electrolyte to achieve an efficiency of 

9.7% [17]. Since then, organic-inorganic halide perovskite solar cells (hereafter 

referred to as perovskite) quickly dominate the research field in view of the high 

conductivity, fast charge mobility, long diffusion length, and thus a high powder 

conversion efficiency [18]. An absorber thickness of several hundreds of 

nanometers from solution process is sufficient to generate an efficiency of over 20% 

[19]. 

 

3. Strategies towards high efficiency 

3.1 Light harvesting  

As discussed afore, increasing of light harvesting efficiency relies on two aspects: 

decreasing the bandgap and managing the photons. The bandgap of a 

semiconductor is closely related to the interaction between atomic nucleus and shell 

electrons (i.e. Coulomb interaction), and between electrons and electrons (i.e. 

chemical bonding). The stronger the interaction, the wider the bandgap thus the 

larger the energy requires to excite electrons from valance band to conduction band. 

Besides, the symmetry of electron cloud distribution will also affect these 

interactions. For instance, s-orbit electron has symmetric distribution and thus can 

move easier than other p or d-orbit electrons. Silver has the best conductivity is due 

to its loosely-held single symmetric s-shell valence electrons. Therefore, the 

composition and structure of a semiconductor determine its bandgap. As such, 

altering the composition and structure hold the keys in adjusting the bandgap. On 

the other hand, the photons of lower energy such as the IR photons can be moved to 
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a higher energy level thus are able to be absorbed in a semiconductor with a higher 

bandgap, the efficiency of light harvesting is improved. A high energy photon can 

also be divided into two or more photons with lower energy. If, however, absorption 

is controlled so that the visible light passes through or partly passes through, 

transparent or semitransparent solar cells are realized. These will be discussed in 

details below, together with multi-junction and quantum dot solar cells. 

 

3.1.1 Bandgap adjustment 

A semiconductor can only absorb photons whose energy is higher than its bandgap 

Eg. However, photons bearing much higher energy than Eg can excite electrons to 

energy levels above conducting band minimum (CBM), and subsequently the 

electrons rapidly relax to the CBM by releasing the extra energy as heat. 

Consequently, there exists optimal bandgap energy for photovoltaic application. 

Shockley and Queisser calculated the theoretical conversion efficiency to be around 

31% for single junction solar cells [20]. Green proposed a simple empirical relation 

that can be used to reasonably estimate the minimal value of the reverse saturation 

current density. As such, the optimum Eg should be around 1.5 eV, which agrees 

well with the experimental data [21, 22].  

In order to manipulate the bandgap, let’s first examine the formation of the bandgap 

and what affect it. By definition, bandgap is the energy difference between 

conduction band minimum and valance band maximum.  The conduction band and 

valance band are formed by the interaction of shell electrons within the 

semiconductor. Stronger interaction between atomic nucleus and shell electrons, 

and/or stronger interaction between electrons and electrons forming tightly 

bonded chemical bonds, leads to larger Eg. As such, the bandgap can be tuned by 

substituting elements with different electronegativity. Atoms of larger size have 

relatively weaker attraction to its shell electrons therefore smaller bandgap Eg, thus 

the valance electrons escape easier. Similarly, crystal lattice parameters, i.e., the size 

of unit cell also affect bandgap Eg by changing the strength of chemical bonds. The 

larger the unit cell, the weaker the attraction between atoms, giving rise to smaller 

bandgap Eg.  Below we examine the effect of composition and effect of structure 

separately. 

 

Effect of Composition 
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In copper indium sulfide (CIS), the valance band (VB) is formed by the interaction of 

copper (Cu, 3d104s1) d- and sulfur (S，3s23p4) p-orbit electrons, and the conduction 

band (CB) is formed by the overlap of Indium (In，4d105s25p1) s- and sulfur (S) sp-

orbits [23]. Therefore, replacing any In atoms with other elements affects the 

position of the conduction band of the compound, while replacing S causes moving 

of both CB and VB. Research shows for CuInS2 the bandgap Eg is around 1.53 eV.  

Substituting In with smaller atomic size Ga in the same group (c.f., Table 1), the 

position of the conduction band minimum is raised as the outer electrons in Ga are 

bond with stronger interaction. Consequently, for CuGaS2 the Eg is 2.43 eV [23], that 

is a large increase from that of 1.53 eV for CuInS2. Complete substitution of S with 

larger atomic size selenium (Se) decreases Eg to 1.04 eV for CuInSe2 (CISe).  As such, 

proportional substitution of Sulfur results in tunable bandgap from 1.04 eV to 2.43 

eV, as in the case of CI(G)S(Se). The second column in Table 2 lists bandgap change 

as composition varies. The device performance reveals that the highest efficiency of 

the CI(G)S(Se) system is obtained with a bandgap Eg of around 1.1~1.2 eV, rather 

than the optimal 1.5 eV [24-26]. This will be discussed in light of charge carrier 

mobility in section 4. Substitution of In and Ga in CIGSSe with Zn and Sn formulates 

CZTSSe or Cu(ZnSn)(S,Se)2, similar trend in bandgap change is observed, i.e., 

replacing of S with bigger atomic size Se gives rise to smaller bandgap Eg (0.82 

~1.48 eV, c.f., Table 2). Replacing of In and Ga with Zn and Sn is for economic reason. 

An optimum efficiency of 12.6% was obtained at an S:Se ratio of around 1:4 [5]. In 

organic-inorganic perovskite ABX3 system, a mix of 85% CH(NH2)2PbI3 and 15% 

CH3NH3PbBr3 gives rise to an efficiency of 20.3% with a bandgap of 1.49 eV [19]. By 

the way, from Table 2, a rule of mixture with regard to the bandgap gives rise to 

1.48 eV for 85% CH(NH2)2PbI3  and 15% CH3NH3PbBr3. Table 2 also lists other 

important parameters often used in solar cell characterizations: effective mass (m*) 

of charge carriers, dielectric constant (ɛr), exciton bonding energy(Eb), and etc. These 

will be defined in details in section 3 and section 4 where charge dissociation and 

collection are discussed. 

 

Table 1 Section of the periodic table  

 

IB IIB 

IIIA IVA VA VIA VIIA 

5 B 
1s22s22p1 

6 C 
1s22s22p2 

7 N 
1s22s22p3 

8 O 
1s22s22p4 

9 F 
1s22s22p5 

13 Al 
3s23p1 

14 Si 
3s23p2 

15 P 
3s23p3 

16 S 
3s23p4 

17 Cl 
3s23p5 

29 Cu 
3d104s1 

30 Zn 
3d104s2 

31 Ga 
3d104s24p1 

32 Ge 
3d104s24p2 

33 As 
3d104s24p3 

34 Se 
3d104s25p4 

35 Br 
3d104s24p5 
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47 Ag 
4d105s1 

48 Cd 
4d105s2 

49 In 
4d105s25p1 

50 Sn 
4d105s25p2 

51 Sb 
4d105s25p3 

52 Te 
4d105s25p4 

53 I 
4d105s25p5 

79 Au 
5d106s1 

80 Hg 
5d106s2 

81 Tl 
5d106s26p1 

82 Pb 
5d106s26p2 

83 Bi 
5d106s26p3 

84 Po 
5d106s26p4 

85 At 
5d106s26p5 

 

 

Table 2 Electrical and physical parameters of commonly used compounds for solar cells 

Materials 
Eg 

(eV) 
m*e(mo) m*h(mo) m* ɛr 

Eb(meV) 
(calculated) 

Reference 

        

Chalcopyrite 
and 

kesterite 

CuInS2 1.53 0.16 0.39    [23, 27, 28] 

CuInSe2 1.04 0.08 0.14    [23, 27-29] 

CuGaS2 2.43 0.24 0.91    [23, 27] 

CuGaSe2 1.68 0.13 0.47    [23, 27] 

Cu(In,Ga)SxSe1-

x 
1.04- 
2.43 

0.09 
0.66-
0.72 

0.08-
0.09 

12-
13.5 

5.97-8.50 
[23, 30-35] 

Cu2ZnSn(S,Se)4 
0.82-
1.48 

0.1-0.2 
0.29-
0.48 

0.07-
0.14 

6.79-
8.59 

12.90-
41.30 

[36, 37] 

         

hydrogenated amorphous 
silicon (a-Si:H) 

 0.34 0.34 0.17 13.5 12.68 
[38, 39] 

         
         

Halide 
perovskite 

CH3NH3GeI3 1.6      [40] 

CH3NH3SnI3 1.3 0.13 0.25    [41-43]  

CH3NH3PbI3 or 
MAPbI3 

1.55 0.19 0.28 0.11 25.7 2.33 
[43-48]  

CH3NH3PbBr3 2.32      [49] 

CH3NH3PbCl3 3.1      [50] 

CsPbI3 1.73      [44, 46] 

CH(NH2)2PbI3 
or FAPbI3  

1.47      
[44] 

         

Organic photovoltaics (OPV)   1.3 0.94 0.55 2-4 467.5-1854 [51-53] 

 

 

Effect of Structure 

The effect of structures is discussed in terms of lattice structures and dimensional 

structures.  

Figure 4 illustrates the perovskite structure originating from the mineral structure 

of CaTiO3, where Ca or A forms simple cubic and Ti or B sits in the center while O or 

X occupies the face-center positions,  giving rise to 1A, 1B and 3X atoms in a basic 

lattice cell, i.e., ABX3. When X is O, i.e., in ABO3, A and B must be divalent and 

tetravalent cations respectively, for instance, Ca2+, Ti4+. For solar cell applications, 

replacing O with monovalent halogen (e.g., I-) results in lower bandgap thus are 
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widely used. In this case, A site should be monovalent cations and B site should be 

divalent for charge neutrality, such as those from the IVA group in Table 1, or Pb, Sn 

and so on.  Monovalent cations at A site can be anything metallic (such as Cs, Rb, etc.) 

or organic groups (such as methylammonium ((CH3NH3)+, or MA+), formamidinium 

([CH(NH2)2]+, or FA+), etc.) as long as the structure factor permits, as illustrated in 

Fig. 4. 

In addition to compositional change of B-site metal and X site halogen elements 

gives rise to modulation of bandgap as discussed before, lattice dilation in 

perovskite due to A-site being occupied by organic group results in another 

dimension of bandgap modulation. With the ionic size of A site cation increases from 

1.80 Å for Cs+ to 2.17 Å for (CH3NH3)+ and to 2.53 Å for [CH(NH2)2]+ (c.f., Fig. 5) [54, 

55], the unit cell size of APbI3 increases from 222 Å to 248 Å and to 256Å [54]. 

Consequently, the bandgap reduces from 1.73 eV for CsPbI3 to 1.55 eV for 

CH3NH3PbI3 and to 1.47 eV for CH(NH2)2PbI3 [44]. The distortion of the unit cell 

causing by the orientation or twist of organic cation in A side might also affect the 

chemical bonding and thus bandgap of perovskite.  

 

Fig. 4 Perovskite crystal structure. Reprinted with permission from ref.  [56] 

 

 

Fig. 5 Structure and illustration of size of Cs+, Methylammonium (CH3NH3)+, and Formamidinium, 

[CH(NH2)2]+ cations. Reprinted with permission from ref.  [54] 

 

Further increasing the A site cation size, however, brings in destruction to the ABX3 

structure, because maintaining a stable 3D ABX3 perovskite structure needs the 
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radii RA, RB and RX of the A, B and X ions respectively satisfy certain relationship 

such that                       , or 0.813 to 1.107 [57], where t is termed 

tolerance factor first introduced by Goldschmidt [58]. In addition, B site and X site 

ions must meet the requirement of 0.442 < RB/RX < 0.895 to maintain stable six-fold 

coordination octahedral structure BX6 [57].  Smaller t gives rise to lower symmetry 

while too large a t destroys the perovskite’s B-X network, causing formation of 2D 

layered structure. In Fig. 6, n=∞represents the 3-D structure of perovskite. As A site 

size increase, it breaks up the structure into layers depending on the amount [59]. 

Reading from the right to the left hand side, Fig. 6 shows a 3D (n=∞), 3-layer (n=3), 

2-layer (n=2) and 1-layer (n=1) structures.  

  

 

Fig. 6 The stacking of inorganic octahedral layer (n) with organic cation RNH3
+ in the ⟨100⟩-oriented 

2D perovskite. When n is ∞, it is 3D structure. Reprinted with permission from ref.  [59] 

 

In layered structure, the dielectric confinement and quantum effect should be taken into 

consideration. The dielectric confinement phenomenon describes a situation whereby a 

layer of material with a higher dielectric constant is sandwiched between two layer of 

materials with lower dielectric constant (ε1 and ε2), the effective thickness of 

electron-electron interaction within the higher dielectric constant layer is shortened, 

indicating much stronger interaction [60]. These layered structures are a natural 

quantum well structure, in which the inorganic sheets and organic molecules act as “well” 

and “barrier”, respectively. The size and composition of the intercalated organic molecule, 

the numbers of stacking inorganic layer, all will affect the value of bandgap. In Fig. 6, the 

green layer or MX4
2- 

layer is the higher dielectric constant layer (for instance, a 2D PbI6 
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has a high dielectric constant of ε = 6.1) and the open arrows layer or the RNH3
+
 layers 

are the lower dielectric constant layers (ε1 = 2.1 for C9H9NH3) [61]. In the dielectric 

confined layer, electron-electron interactions are effectively stronger that, in turn, widens 

the bandgap. When the structure changes from 3D to 2D and further to 1D and 0D, 

3D ABX3 perovskite structure changes into A2BX4, A3BX5 and A4BX3 while the 

bandgap increases from 1.65 eV to 2.43 eV and to 2.70 eV and further to 3.33 eV 

sequentially as shown in Fig. 7 [62].  

 

 

Fig. 7 Room temperature absorption coefficient as a function of wavelength ( λ) for ( a ) 

(CH3NH3)4PbI3,  (b) [(NH2C(I)=NH)2]3PbI5, ( c ) (C9H9NH3)2PbI4, (d) CH3NH3PbI3. These systems 

consist of OD. ID, 2D, and 3D extended inorganic networks of corner-sharing PbI6 octahedra [62]  

 

 

 

3.1.2 Light utilization 

When the working layer (the “absorber”) is thin, transmission of light is unavoidable. 

To make use of this transmitted light, one can stack cells in a serial manner thus the 

transmitted light from the top cell can be made into work in the cells beneath; this is 

the so-called “tandem” design. A reflector can also be used to turn the transmitted 

light back into the absorber for a second absorption. Generation of more than one 

electron-hole pair from one photon absorption (multiple exciton generation) is a 

new way of maximizing utilization of light.  Photons of longer wavelength not having 

enough energy can be “up-converted” to gain higher energy thus are used in 

3.33 eV 2.70 eV 

2.43 eV 

1.65 eV 
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photoelectron excitation, photons having too high an energy can also be “down-

converted” to use in the excitation. These ways of maximizing the utilization of 

incident light are discussed here.  

Minimizing Light Transmission 

To efficiently minimize the transmission of light through the cell, tandem design or 

reflector is used. In tandem design, two or more cells are stacked one on top of 

another so that the transmitted light can be used in the cells below.  

In Fig. 8, two solar cells are stacked in “tandem” manner: light travelled through the 

top perovskite cell continues on to enter the bottom CIGS cell. From the perovskite 

cell around 72% transmits in the near infrared range (c.f. Fig. 8(b)), which is then 

utilized by the bottom cell. The external quantum efficiency (EQE) shown in Fig. 8(c) 

confirms superimposition of the individual subcells, giving rise to a total conversion 

efficiency of 20.5% from the individual 14.2% for the top and 6.3% for bottom cell.  

Tandem arrangement theoretically suits all cells. Yang’s group stacked two polymer 

thin film cells of 4% efficiency in tandem architecture to improve to more than 7% 

and purposely let through a transparency of 30% in visible light [63] in an attempt 

for transparent solar cell. Graetzel, Segawa and coworkers [64] hybridized 

perovskite cell to absorb the visible light up to ~800 nm and wideband dye-

sensitized solar cells to absorb NIR wavelength up to ~1100 nm to achieve an 

efficiency of 21.5% with current density up to 30 mA/cm2.  
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Fig. 8 (a) schematic 4-terminal tandem solar cell, (b) the transmission (T), reflection (R) and 

absorption (A) of top perovskite cell, and (c) external quantum efficiency (EQE) spectra of the four-

terminal tandem device. Reprinted with permission from ref. [65] 

Another way of minimizing the light transmission is to use a reflector to switch the 

transmitted light back into the cell for second absorption, as demonstrated in Bragg 

reflector [66], layered light-trapping architecture [67], photonic crystals reflector 

[68] and others [69, 70].  

Maximizing photon excitation   

Usually one photon excites one electron-hole pair. Can one photon excite multiple 

excitons? Quantum dot (QD) is nano-sized particle with dimension smaller than its 

Bohr radius, at which quantum effect occurs. In bulk semiconductors where exist 

large amount of atoms, above the bandgap there are many energy states with very 

small energy gap. The excited electrons of much higher energy rapidly relax onto the 

conduction band minimum, and the photon energy in excess of band gap is wasted 

as heat, as shown in Fig. 9(a) [71]. In a quantum dot, however, as the number of 

atoms in the dot is limited (100-10000 atoms per dot), there does not exist such 

small energy states, but discrete ones with energy separation between energy states 

much higher than the phonon energy. The relaxation of excited electrons slows 

down due to the existence of discrete quantized energy levels. The phonon energy of 

heat cannot transfer out quickly due to the limited amount of atoms; the excitons in 

QD are normally hot. The slow relaxation of these hot exciton allows possibly excite 
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another electron thus creating more than one electron-hole pairs per photon, called 

multiple-exciton-generation as illustrated in Fig. 9(b). This, however, only happens 

when the initial photon energy is at least two times that of the bandgap Eg. Beard et 

al [72] first reported this multiple-exciton-generation effect in PbSe QD solar cells 

when measured external quantum efficiency becomes more than 100% (under one 

sun solar intensity with no external applied bias). Recently Greenham et al. [73] 

reported external quantum efficiency above 120% by sandwiching PbTe QD 

between ZnO and MoOx layers as shown in Fig. 9(c) and (d). The main drawback of 

Quantum Dot solar cell is the high recombination rate and poor charge collection 

efficiency. 
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Fig. 9 (a) Hot carrier relaxation/cooling in bulk semiconductors (b) Multiple electron–hole pair 

generation in quantum dots, (c) the cross section microscopy and (d) EQE of PbTe QD solar cell. (a) 

and (b) reprinted with permission from ref.  [71] , (c) and (d) from [73] 

 

When the incident photon has much higher energy than that needed to excite an 

electron, one way of making use of this “extra” energy is quantum dot architecture,  

as mentioned above, another way is to down-convert the photon into two or more 

with lower energy that excite two or more electron and hole pairs. Down conversion 

is very useful for low bandgap semiconductors. Fig. 10 illustrates the down-

conversion process where one photon with higher energy splits into two lower 

energy photons.  

 

Fig. 10 Schematic illustration of down conversion [74]  

 

In Fig. 10,  europium doped lithium gadolinium fluoride (Eu3+-doped LiGdF4) has 

two types of lanthanide ions: Gd3+ or Ion I is the ion in the matrix as host material 

and Eu3+ or Ion II is doped in as energy acceptor [74]. In Fig. 10(a), a photon is 

excited in Ion I and split into two visible photons upon relaxation (marked as “vis” 

line). It may also possibly come down in steps as illustrated in the black line in Fig. 

10(a) if the energy levels of matrix and acceptor ions are not matched. Actually, this 

high level photon (UV photo) could drop half way down and excites a photon in Ion 

II (marked ① at the “left type II ion” in Fig. 10(b), which gives out a visible light 

when returns to ground state) and at the same time, transfer the leftover energy to 

another Type II ion (to release in visible light upon its relaxation as marked “vis” at 
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the “right type II ion” in Fig. 10(b)). This UV photon could also relax through exciting 

a lower energy photon in Ion II (marked ①  and “vis” in Fig. 10(c) as it gives out a 

visible light when returns to ground state) and at the same time emitting the 

leftover energy as a visible light photon in Ion I itself. Fig. 10(d) shows yet another 

possibility: the UV photon emits a visible light in Ion I itself and transfers the 

leftover to a Type II ion to relax as a visible light. Realization of the down conversion 

needs careful “architectural design” of ions with matching energy levels. The 

fundamental requirements for this high energy photon splitting to happen are: the 

energy gap between adjacent levels in host material must be large enough to 

prevent “multi-phonon relaxation” (where energy is relaxed through multiple 

phonons of very small energy levels that have no use in exciting photoelectrons); a 

good overlap between emission spectrum of the host ion and the excitation 

spectrum of the dopant ion or acceptor, i.e. the electron energy state of acceptor is 

same as the energy level in the middle of host ion’s energy states [75]. For efficient 

energy transfer from host ion to dopant ion, these two ions should be physically 

close enough in space and defects should be carefully controlled to eliminate non-

radiation energy losses.  

Through this process, effectively one photon of high energy is split into two photons 

of lower energy. In Si solar cell, 32% extra spectral irradiance was obtained by down 

conversion strategy [76]. Theoretically, for a single crystal Si-based solar cell with 

an ideal down conversion layer, conversion efficiency up to 38.6% could be 

achieved as compared to the theoretic limiting efficiency of 30.9% [77]. 

In the solar spectrum, however, only a small portion of the energy is in UV range, a 

large amount of the energy lies in the IR or near IR range. The low energy IR light 

cannot be utilized to excite the electrons for large bandgap semiconductors. Fig. 11 

illustrates the reverse to the down-conversion: the up-conversion, i.e., two photons 

of individual energy not enough to excite a photoelectron but they “team up” to 

excite one.  

The concept of up conversion can be traced back to 1983 when Saxena studied 

thulium-doped calcium tungstate as a potential material [78]. Recent studies show 

that nanocrystals combined with molecular emitters are effective in realizing up-

conversion of photons in the IR range.  The nanocrystals absorb low energy photons 

and transfer the energy to the molecular triple state. When two of this kind of triple 

state superimposed, it creates high energy singlet states that emit up-converted 

light [79]. In Fig. 11, a possible potential strategy illustrates PbSe nanocrystal 

combines with rubrene, photons with wavelength of 980 nm and up-converts into 

that of 568 nm [79]. Other systems, such as CdSe, lanthanide doped chloride, 

bromide and iodide [80], oxyfluoride glass ceramics, [81] can also be found in the 
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literatures. Till date, however, the resultant quantum yield of the up conversion 

processes is still low because of unstable middle state. In Fig. 11, a photon excites an 

electron (let’s say, electron A in PbSe) from 1Sh to 1Se level with 1.32 eV, which then 

transfers to rubrene (RUB) and excite another electron (electron B in RUB) to lift to 

1.14 eV (triplet or T* state)  (with the difference being irradiated as heat). Now 

another photon subsequently hits electron B with another 1.14 eV, thus electron B is 

further lifted to 2T* or 2.28 eV that relaxes to 2.21 eV as electron C. As electron C 

drops from S1 to its ground state S0, a photon of 2.21 eV is created. As such, two 

photons of lower energy (1.32 eV 1.14 eV) are up-converted to a photon of much 

higher energy (2.21 eV) (with the difference being heat radiation). Later, upon 

absorption, this photon will eject a photoelectron with bandgap of 2.21 eV.  

 

 

Fig. 11 Schematic illustration of a possible nanocrystal-organic up conversion strategies. Reprinted 

with permission from ref. [79] 

 

The most critical thing in up conversion process is the short life time of triplet state. 

It should be longer enough until another photon come over and hit it further up. 

Therefore the light intensity should be very high, much higher than solar spectrum. 

This is why the up conversion efficiency is normally very low under solar 

illumination. 
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Wang et al [82] reported the significant improvement of photocurrent of solar cells 

by applying yttrium fluoride host doped with ytterbium and erbium in organic 

photovoltaic.. Shan et al [83] designed Er+3 and Yb+3 co-doped LaF3-TiO2 

nanocomposite to absorb IR photons and realized up-conversion in dye sensitive 

solar cell. The enhancement in current density was around 3%.  

 

3.1.3 Efficient yet transparent  

If the light absorption layer is designed such that the visible light is allowed to 

transmit through the layer without absorption, other light bands (UV and/or NIR) 

are absorbed to generate photoelectrons, transparent solar cell is realized. If the 

visible light is partially absorbed, a partial transparent or semitransparent solar cell 

is created. When this solar cell is used onto window glass or building glasses, 

building/window glass will all generate solar power without hindering its “see-

through” function.  

However, visible light accounts for 43% of total solar energy. Allowing all visible 

light to pass through without doing anything greatly decreases the light harvesting 

efficiency and thus efficiency of the solar cell.  Therefore, a big question lies in front 

of scientists is how to increase efficiency. Partial transparency (letting the visible 

light partially go through) solves part of the question.  Fundamentally one has to 

fully utilize the UV and the NIR range radiations.  As UV light has very high energy, 

thus the down conversion strategy discussed afore is useful. NIR light usually have 

too low an energy with respect to typical light absorbing materials used in solar 

cells, the up conversion strategy should come handy. Light reflector mentioned 

above is another strategy to improve the efficiency of transparent solar cell. 

Partial transparency can be easily realized by simply making the solar cell thinner, 

trading off efficiency for transparency. Perovskite solar cell with power conversion 

efficiency above 6% with 30% device transparency was reported [84]. Ultra-thin 

CIGS [85, 86], InP [87] and Si [88, 89] semitransparent solar cells were tested this 

way resulting in different colors as  the absorption peaks are in visible light range 

(the bandgap of all these solar cells are less than 1.5 eV).  

Snaith’s [90] group designed perovskite “islands” array (Fig. 12(a)) to solve the 

color tilting problem. The perovskite “islands” act as absorbers and produce 

electricity, while the voids between islands let the light go through completely. A 5.2% 

efficiency is thus realized at 28% transparency. The semitransparent device, tilted 

film surface SEM and cross-sectional SEM are also shown in Fig. 12. 
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Fig. 12 (a) diagram of the device architecture, (b) digital image of a full semitransparent device, (c) 

tilted and (d) cross-sectional SEMs. Reprinted with permission from ref. [90] 

 

Composition design can enlarge the bandgap of the absorber to target on only 

absorbing UV band of light plus small amount of visible light at higher energy edge. 

In halide perovskites, the bandgap Eg is continuously tuned up to 2.25 eV by 

substituting Iodine with Bromine. Bailie et al reported more than 12% efficiency 

with semitransparency with peak transmission of 77% at around 800 nm [91].  

It is impossible for a single material to absorb both UV and IR photons at the same 

time while letting the visible light wavelengths to go through, thus two materials are 

mixed in which one targeting at UV and the other at IR.  In this way, 4% efficiency 

[92] is reported at a maximum transparency of 66% at 550 nm wavelength. Similar 

results can be found in dye sensitized solar cells and others [93-96].  

To increase the light intensity, a “concentrator” is used to concentrate light from a 

large area into a small one to enhance efficiency of transparent solar cell. In Fig. 

13(a), the incident NIR light comes in from up-side is concentrated into Si solar cell 

located at both sides of it. A true (or total) transparent concentrator only makes use 

of NIR radiation and let all visible light to pass (c.f. Fig. 13(b) and (c)). Using the 

following luminophore blends of cyanine and cyanine salts, i.e. 2-[7-(1,3-dihydro-

1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-heptatrienyl]-1,3,3-trimethyl-3H-

indolium (HITC) iodide (HITCI) and 1-(6-(2,5-dioxopyrrolidin-1-yloxy)-6-

oxohexyl)-3,3-dimethyl-2-((E)-2-((E)-3-((E)-2-(1,3,3-trimethylindolin-2-

ylidene)ethylidene) cyclohex-1-enyl)vinyl)-3H-indolium chloride (CY), a total 

transparent luminescent solar concentrator has been reported [97]. However the 

efficiency is <1% and need further improvement. 
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Fig. 13(a) Schematic of the transparent luminescent solar concentrator (b) Normalized absorption 

(circle symbols) and emission (square symbols) spectra of the NIR-absorbing luminophores CY (blue 

line) and HITCI (black line) films. (c) Photograph of the transparent luminescent solar concentrator 

system. Reprinted with permission from ref. [97] 

 

3.2. Charge dissociation  

After illumination, the generated electron and the hole must be separated to avoid 

recombination. Separation of the electrons and holes is called charge dissociation. In 

inorganic materials, electrons and holes are free to move separately (only a p-n 

junction is needed) but in organic materials the excited electron and the hole are in 

pairs (the so-called exciton) that can’t move freely in separation. Therefore, for 

organic solar cells, special measures must be taken to separate the electrons and the 

holes, i.e., to break up the exciton and keeping them separated (using the so-called 

heterojunction). In organic-inorganic halide perovskite, the charge dissociation 

mechanism is not clear yet and several models were proposed. The efficiency of 

charge dissociation directly determines how many free charges one obtains.  

The attraction force between an electron and a hole is called Coulomb attraction. In 

an exciton, an electron and a hole are “bonded” by this Coulomb attraction internally. 

Externally, however, exciton is electrically neutral, analogue to hydrogen atom but 

with different size and binding energy. The exciton binding energy is defined as the 

energy required separating an exciton into a free electron and a free hole. The 

radius of an exciton is called Bohr radius, which can be calculated by [98]: 

(b) 
(a) 

(c) 
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Rydberg energy, Ry(H) = 13.6 eV, the binding energy (Eb) is determined as: [98, 99] 
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Accordingly, the binding energy is directly related to the scale of reduced effective 

mass and dielectric constant, which determines the state of charge carries either in 

the form of free electrons and holes or bonded excitons. Table 2 lists the effective 

mass and dielectric constant of a few materials used for solar cells.  

According to Eq. (3), the exciton binding energy is inversely proportional to the 

square of dielectric constant. Dielectric constant, also known as permittivity, is the 

resistance which encounters when applying an electric field in a medium. A higher 

value means charges can be separated easily inside its body. Compared to inorganic 

materials, organic molecules are formed by light elements such as carbon, nitrogen, 

hydrogen and so on. These light elements have smaller atomic radius and thus 

stronger attraction to the shell electrons. Consequently, organic materials usually 

exhibit lower dielectric constants, which in turn induce higher exciton binding 

energy (467.5-1854 meV), seen in Table 2 [29]. In contrast, inorganic (or mainly 

inorganic perovskite) counterparts generally have much lower exciton binding 

energy (5.97-8.50 meV for CIGS, 12.68 meV for a-Si:H and 2.33 meV for CH3NH3PbI3 

perovskite, shown in Table 2), where thermal vibration at room temperature (kBT 

~25 meV) is enough to break electron-hole pairs and release free electrons and 

holes. The low exciton binding energy of 3D organic-inorganic perovskite solar cell 

is one of its benefits compared to all-organic counterparts.  The high exciton binding 

energy of organic requires special design to dissociate exciton into free electrons 

and holes. 

 

3.2.1 Polycrystalline inorganic cells  

P-n junction is used for charge dissociation for inorganic cells. In conventional p-n 

junctions, as illustrated in Fig. 14, the concentration gradient of electrons between 

n-doped and p-doped side drives the electrons diffuse from the “n-side” to the “p-
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side” i.e., from right to left, across the interface leaving holes at the n-side border. 

Similarly, holes diffuse in the opposite direction and leave electrons at the p-side. As 

such, equilibrium finally reaches, and a “space charge region” forms to establish an 

electrical field across the interface [100], with the field direction pointing from the 

n-side to the p-side, shown as “Electric field” in Fig. 14.  

 

 

Fig. 14 A p–n junction in thermal equilibrium with zero-bias voltage applied 

 

Upon illumination, let’s say with p-type semiconductor as absorber, photoelectrons 

and holes are generated within the p-side. The photoelectrons generated in the p-

side move within the p-side, when encounter the p-n junction, they move (“drift”) 

across the interface into the n-side by this electric-field, while the holes at the p-side. 

As such, charge dissociation is realized. The transport of photoelectrons in the p-

side is the limiting factor in generating the final photoelectron current as they are 

the minority charge carriers as compared to the holes in a p-type semiconductor. As 

such, in later discussion, charge transportation and recombination are all referring 

to that of the minority charge carriers. As the key is the effect of the electric field, 

this is only effective for free electrons and holes, as in the case of inorganic solar 

cells where the electron-hole pairs are not bond to each other. That’s why the p-n 

junction method of charge dissociation has no use for excitons generated in organic 

solar cells because the excitons are electrically neutral. Copper indium gallium 

sulfide or CIGS solar cell is a good example of using p-n junction for charge 
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dissociation. In CIGS, Cu vacancies formed during manufacturing process serves as 

holes thus a natural “p-type” semiconductor. To realize a p-n junction, a thin layer 

(around 80 nm) of cadmium sulphide (CdS) is deposited on top of the CIGS layer to 

serve as the “n-side”. The separation of the photoelectrons and pulling them into the 

CdS (while the holes are kept in CIGS and move to collecting electrode) is thus 

materialized. Charge dissociation with a p-n junction is highly effective. To date, the 

highest efficiency of CIGS solar cell achieved is 21.7% [4].  

 

3.2.2 Amorphous silicon cells 

In inorganic solar cells, such as CIGS, the mobility of electrons is much larger than 

that of the holes as the effective mass of the holes are much larger. Therefore, p-type 

semiconductor is normally used as absorber and the movement of electrons 

(minority charge carrier) produces the photocurrent. In hydrogenated amorphous 

silicon (a-Si:H) and perovskite, however, the effective masses of electron and hole 

are similar or comparable (as displayed in Table 2), thus they have similar mobility 

(termed “ambipolar semiconductor”). As such, charge dissociation in a-Si:H and 

perovskite needs to move both electrons and holes: electrons be collected to the “n-

side” and holes to “p-side”. However in amorphous silicon, the locally ordered 

structure is completely lost on a scale exceeding a few atomic distance and is thus a 

continuous random network. This randomized network dramatically retards the 

diffusion of charge carriers [9]. Besides, large amount of dangling bond defects in a-

Si:H of (1015 - 1016) cm−3 further reduced the diffusion length of charge carriers to 

0.1~0.3 µm, rendering it too thin for efficient light harvesting [9]. To counter this 

problem, an “n” layer (heavily doped n-type a-Si:H) and a “p” layer (heavily doped p-

type a-SiC:H) are built to sandwich the a-Si:H to establish an internal electric field to 

speed up the charge carrier transport, as  shown in the schematic (Fig. 15). The 

sandwich structure effectively forms a p-i-n junction:  the “p” is the hole-collecting 

layer, “i” is the intrinsic amorphous layer and the “n” is the electron-collecting layer. 

The resultant internal electric field profile can be adjusted through controlling of the 

thickness of intrinsic layer and the doping level in the “p” and/or the “n” layer. With 

this internal electric field, the electron is speeded up and drifts to n-side, while the 

hole to p-side, realizing the charge dissociation (Fig. 15(b)). The TCO layer in Fig. 15 

is the transparent conducting oxide on glass substrate designed to facilitate the light 

harvesting by decreasing the reflection and increasing the scattering at the interface. 

The ZnO and the Ag or Al layer is the back contact electrode. This design structure 

yielded an efficiency of 13.6% [4]. 
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Fig. 15 (a) schematic structure and (b) band alignment of a p-i-n type a-Si:H solar cell. Reprinted with 

permission from ref. [9, 101] 

 

3.2.3 Organic cells  

Charge dissociation in organic solar cells is a different matter as in this case 

illumination creates excitons but the excitons are electrically neutral.  

To split the electron and the hole bond in an exciton, two layers with one of them 

having higher electron affinity (so called electron acceptor) and the other one 

having lower ionization energies (called electron donor) are put together. 

Electrostatic forces generated at the interface between the two layers are designed 

strong enough, through materials selection, to split the excitons. Derivative of 

fullerene, for instance Phenyl-C61-butyric acid methyl ester (PCBM), is commonly 

used as electron acceptor, and polythiophene, such as poly(3-hexylthiophene) 

(P3HT), can be used as electron donor. Analogue to the conduction band minimum 

and valence band maximum in inorganic materials, in organic, the conduction of 

electrons takes place in the so-called “lowest unoccupied molecular orbitals” (LUMO) 

and movement of holes takes place in the “highest occupied molecular orbitals” 

(HOMO). The value of LUMO level in an acceptor is approximately equal to its 

negative electron affinity, while the value of HOMO level in a donor is approximately 

equal to its ionization potential (c.f. Fig. 16)  [102, 103]. Fig. 16 illustrates two types 

of organic materials with different energy levels of LUMO and HOMO put together to 

form a so-called “heterojunction” [104]. When an exciton (illustrated in the diagram 

as the elliptic) diffuses to the junction, the exciton is split into electron and hole, 
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where the electron (the red dot) is “injected” to the polymer with a lower LUMO and 

the hole (the open circle) stays in the original polymer. This completes the splitting 

and dissociation of the exciton.  

 

Fig. 16 Illustration of heterojunction splits excitons. Reprinted with permission from ref. [104]. P3HT is  
poly(3-hexylthiophene) (P3HT), while PCBM is 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61, 

energy level date are taken from reference [105]  

However limited by the short diffusion length (in the scale of 10 nm) of exciton 

within organic material, only small amount of exciton could reach the interface 

therefore limits the dissociation efficiency. Bulk heterojunction is introduced and 

will discuss in section 4. Based on this design, Hu et al reported a high efficiency of 

10.7% with terthiophene-based donor and acceptor  [106].  

 

3.2.4 Organic-inorganic hybrid perovskite cells 

Perovskite solar cell exhibits similar device structure, a typical configuration of 

device is shown in Fig. 17. Fig. 17 (a) illustrates a mesoporous design, i.e., on a 

transparent conducting glass (Fluorine doped Tin Oxide or FTO), one compact layer 

of n-type thin film (such as TiO2, SnO2 and so on) is deposited (the dark gray layer). 

On top of that, a layer of mesoporous TiO2 (the round sphere labelled TiO2) is spin-

coated. After firing/sintering, perovskite (the dark red layer) is made to fill up the 

space and also form a capping layer. Finally a hole transporting layer (HTM, such as 

spiro-OMeTAD, p-type) is spin-coated on before a metallic electrode is evaporated 

(the Au layer in Fig. 17 (a)).  
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Fig. 17(b) explains possible collection mechanism of electrons and holes at FTO and 

Au electrode respectively. When MAPbI3 perovskite is used, the conduction band 

minimum (CBM) is -3.93 eV, photoelectrons excited to the conduction band would 

then be able to transfer to the conduction band of TiO2 particles, and further inject 

into the conducting glass FTO. As the hole collection layer has a higher CBM (in the 

case of Spiro, -2.11eV), the electron injection is not possible. Similarly, holes move 

upward to spiro as depicted in the diagram, and finally reach the Au electrode.     

 

Fig. 17 Illustration of (a) mesoporous structure, and (b) band alignment of CH3NH3PbI3 (MAPbI3) 

perovskite solar cells, reprinted with permission from ref. [107]. The energy level data is taken from 

reference [108] 

The compact n-type thin film layer on the FTO glass serves as the hole blocking and 

electron extraction layer and the p-type HTM layer serves as electron blocking and 

hole extraction layer. It was once believed that the existence of mesoporous TiO2 

and HTM, very thin perovskite layer on top of TiO2 nanoparticles are essential to 

allow perovskite effectively inject electrons into TiO2 and further collected by 

electrode, the same way as in DSSC (Fig. 18(a)). However, complete replacement of 

mesoporous TiO2 with mesoporous Al2O3 (Fig. 18(b)), which is insulating thus 

electron injection is not possible, the cells still work with a comparable efficiency  

[109]. Increasing the thickness of the capping layer (the perovskite layer on top of 

mesoscopic TiO2 layer) of nearly 500nm (Fig. 18(c)), a device with an efficiency of 

20.8% was achieved [110], meaning the perovskite itself actually conduct both 

electron and hole efficiently to the collection electrode without recombination.  As 

such, total elimination of the mesoporous layer results in simple planar devices (Fig. 

18(d)) with an efficiency of >18% [111]. To further simplify the structure, 

researchers even completely excluded the usage of HTM, directly contacting the Au 
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electrode with perovskite (Fig. 18(e)), or with a triple-layer structure of TiO2, ZrO2 

and carbon (carbon-device) filled with perovskite (Fig. 18(f)). However direct 

contact perovskite with metal without HTM increases the recombination rate at the 

metal side, detrimental to device performance. The highest efficiency with HTM free 

and Au contact is 11.2% [112]. In Fig. 18(f), the Au contact is replaced with carbon 

as contact electrode, and a layer of ZrO2 was added to reduce recombination.  The 

conduction band minimum of ZrO2 is higher than that of TiO2 and valance band 

maximum is lower than that of carbon. Therefore the photo-electron generated in 

perovskite can only move to TiO2 and holes move to carbon side. This ensures 

elimination of the recombination [113]. The highest efficiency achieved of this 

carbon device is 15% [114]. 
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Fig. 18 Historic architecture evolution of mesoscopic perovskite solar cells, starting from perovskite-

sensitized mesoscopic to planar to HTM-free fully printable MPSC. Reprinted with permission from ref. 

[114] 

 

Fig. 19 illustrates how ferroelectric domains helps charge separation [115]. In 

polycrystalline perovskite thin film, there exist many nanoscale ferroelectric 

domains with opposite direction. These neighboring domains establish a local 

electric field where electrons move along the minima of potential while holes will 

move along the maxima of potential. In junction solar cells, the generated electrons 

and holes need to travel to the interface of junction and be separated, during these 

traveling, electrons and holes might encounter each other and get recombined. As 

the size of these ferroelectric domains is of a few nanometers (much smaller than 

crystal grains in bulk-heterojunction or thickness of an absorber layer in a p-n 

junction cell), the electron and hole can be easily separated right at the site where 

they are generated. This seemingly explains the experimentally observed long 

diffusion length and low recombination rate of charge carriers in perovskite solar 

cells. (As will be discussed in section 4, the ferroelectric property theory in 

perovskite is still controversial).  

 

Fig. 19 A schematic illustration of (a) a multi-domain ferroelectric thin film and (b) the electrons and 

holes separation and transport pathway, where electrons will move along minima in the potential, 

while holes will move along maxima. Reprinted with permission from ref. [115] 

As perovskite and a-Si solar cells share similar device configuration, researchers 

thought that it is the work function difference between n- and p-type contact layers 

that builds up an electric field across the perovskite [123]. This field enables 

electrons to drift to the n-type contact layer (i.e. electron extraction layers, such as 

TiO2) and holes to the p-type contact layer (i.e. hole transporting materials, such as 

spiro).  Another supporter of this built-up field is the observation of motion of ions 
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or charged defects [116]. Eames et al, however, proved otherwise: ion/defect 

motion actually weakens the built-in electric field [117].  

Edri et al [101] used electron beam to bombard the CH3NH3PbI3-xClx-based cell 

cross-section (c.f., Fig. 20(a)) and measured the induced current and plotted into a 

3D surface current profile (c.f., Fig. 20(b)). The profile displays a “twin-peak”, 

similar to what a p-i-n junction would behave, thus is considered a p-i-n junction in 

nature. Guerrero et al [118], however, showed different results. Fig. 21 (a) set up a 

cross section Kelvin probe force microscopy measurement of a perovskite cell. The 

potential increased from the interface between TiO2 and perovskite till more than 

half of the perovskite layer and then flattened into spiro layer (Fig. 21(b)). No twin-

peak was observed:  only one junction near TiO2 side and no junction at spiro side.  

This explains electron extraction layer is essential for perovskite solar cell; while 

without HTM the device still can work, coincident with experimental findings. 

 

 

Fig. 20 (a) Cross section SEM image of perovskite solar cell, where a:glass, b:FTO; c:TiO2, 

d:CH3NH3PbI3-xClx, e: HTM, f: Au, the arrow shows the scan direction. (b) 3D surface plot of the EBIC 

image. Reprinted with permission from ref. [101] 
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Fig. 21 (a) Set-up of the Kelvin probe force microscopy signaling the lateral path over which contact 

potential difference is monitored CPD, (b) average values over several tracks are displayed. Reprinted 

with permission from ref. [118] 

 

However other researchers argue that there is no strong or direct proof of the 

existence of built-in electric field across the perovskite layer. If the field is induced 

by the contact layers, the maximum Voc achievable should be the value of this field, 

i.e. the energy level difference between the two contact materials. However, the 

reported Voc of perovskite solar cell is sometimes higher than the so called built-in 

field. For instance, SnO2 has lower conduction band level than that of TiO2. However 

the Voc obtained from SnO2-based perovskite solar cell is higher than that from 

TiO2-based cells (1.19 V vs ~1.14 V) [119]. Li-doping lowers the work function of 

SnO2. However, when Li-doped SnO2 is used as contact layer, the solar cell achieved 

a Voc value of 1.106 V, higher than 1.084 V without doping [120]. As such, other 

mechanisms should also be at work. One of these possibilities is the co-existence of 

electrons and holes inside perovskite, which somehow, forms two energy levels, 

that in turn, contributes to the charge dissociation and the attainable Voc. To 

establish a different contact condition, Gouda et al [121] coated MgO on top of TiO2 

nanoparticle inside the perovskite solar cell. The variation of Voc is investigated 

with different light intensity (Fig. 22). At low intensity, the increasing of Voc is 

determinant of the contact (TiO2 or MgO). However, at high intensity, the contact 

material does not affect the Voc anymore. This is an indirect proof that the Voc is 

determined not only by contact materials but also perovskite itself.  
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Fig. 22 Illustration of Voc build-up in perovskite solar cell [121] 

In fact, grain boundary also serves charge separation in perovskite (as is also 

reported in CIGS [122]). As shown in the surface Kelvin probe force microscopy 

investigation, the potential at grain boundary (blue color area in Fig. 23(a)) 

dramatically increased compared to that in the inner grains (pink color area in Fig. 

23(a)). This potential difference serves to separate the charges. And the grain 

boundary serves as the charge transportation channel into the collection electrode 

(Fig. 23(b) and (c)) [123]. As grain boundaries are plane defect affected by many 

factors during fabrication, it is not surprised this measurement result varies in 

reports.  

Charge separation in perovskite solar cell is still not clear and all mechanisms are 

debatable. This, therefore, is still one of the most active research areas in perovskite 

thin film solar cells. 
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Fig. 23 (a)  one-dimensional potential and the topography line profiles near the GBs in the perovskite 

thin films, (b) structure of the mesoporous TiO2 with a mixed halide perovskite absorber (c) the 

schematic band diagram near the GBs in Br-contained MAPb(I0.88,Br0.12)3 thin films. The 

electron−hole carrier separates the mesoporous TiO2 layer from the perovskite layer. The charged 

GBs (potential value at GBs ∼300 mV) have a high local built-in potential, which improves the carrier 

separation. The electrons attract the TiO2 layer, and the holes move to the HTM layer. Reprinted with 

permission from ref. [123] 

 

3.3. Efficiency of charge transportation and collection  

Once the charges are dissociated, they diffuse or drift to the respective electrodes 

and thereby power the external loads. Two processes are involved, i.e. charge 

transport within the semiconductor and the collection by the electrodes. Efficiency 

of both the processes affects the total efficiency of the solar cell device.  

The net-movement speed of a charge carrier is characterized by the term “mobility”. 

The distance which a charge carrier travels before recombination takes place is 
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referred to as “diffusion length”. Mobility defines speed and the diffusion length 

measures the maximum travel distance. These are the two most important key 

items affecting solar cell efficiency that guide the design of the cells. For instance, 

the thickness of light absorption layer should be made thinner than the diffusion 

length.  

The collection efficiency is mostly depending on the interface between 

semiconductor and the collection layer. The properties of collection layer, such as 

conductivity, band edge etc, will also influence the charge collection efficiency. The 

device structure can be specially designed to facilitate charge carrier transport and 

collection process. In this section, factors affecting charge transport and collection 

will be discussed.  

 

3.3.1 Factors affecting charge transport 

Normally diffusion is driven by concentration gradient and drift is induced by 

electric field. Einstein equation relates these two, as follows [124]: 

    
   

 
                                                                 (4) 

Where D is the diffusion coefficient, μ is the mobility, kB is the Boltzmann constant, T 

is the absolute temperature, and q is the electric charge that a particle carries. The 

charge carrier mobility is defined as: [124] 

   
    

                                                                     (5) 

    
  

   
   

 

        
                                                    (6) 

where τs is the mean scattering time and m* is the effective mass,   is the reduced 

Planck constant, k is the wave vector, En is the energy level, kex is wave vector at the 

band edges.  

Therefore, the charge carrier mobility is determined by two factors: effective mass 

m* and mean scattering time τs. The larger the effective mass, the lower the mobility, 

and the longer the scattering time, the higher the mobility. The effective mass, 

related to the second derivative of the energy band, is, in turn, affected by the 

composition and band structure of the materials. The charge carriers can be 

scattered by crystal defects and impurities (here ignore the phonon scattering), 

hence affecting the scattering time. Grain boundary is one of the important 

scattering centers which decrease the mobility. This is the reason why single crystal 
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normally shows high charge carrier mobility compared to polycrystalline films. 

Therefore, the main factors affecting mobility is composition and band structure 

defined effective mass, grain boundary and other defect induced scattering.  

When charge carriers transport (diffuse or drift) in a material, there are two 

possible ways by which they get recombined. The charge is captured by a defect or 

gets trapped thus become immobile, and later when another charge of the opposite 

polarity comes by, they get recombined. This defect is referred to as “recombination 

center”. Poor morphology with pin-hole or other imperfections, grain boundaries 

are all recombination centers. The recombination also takes place when charges of 

opposite polarity meet each other. Therefore, concentration of majority carriers 

increases the opportunity of recombination of the minority charge carriers, thus 

must be controlled at a proper level.  

Let τ be the lifetime of the minority charge carrier, the effective diffusion length L is 

then related to τ through [125-127] : 

                                                                                  (7) 

Inserting equation (4) and (5) into (7) gives rise to 

           
  

 
   

   

   
  

 
   

   

                                    (8) 

Thus the L is determined by carrier life time τ, scattering time τs, and effective mass 

m*.  From Eq. (6), effective mass m* is related to energy levels, which, in turn, are 

determined by composition and structure of a material, therefore, effective mass can 

be tailored through composition and structure design.  

Both carrier lifetime and mean scattering time are negatively affected by the 

imperfections in the material, such as poor morphologies, grain boundaries, 

vacancies, interstitials, etc., processing control of the material production is vital in 

achieving a good efficiency. For instance, a wrong morphology of the same material 

may prove detrimental to the whole cell. Details of these influencing factors and 

possible solutions are discussed below.  

 

Influence of composition and band structure on effective mass 

According to Eq. (6), the effective mass m* is inversely proportional to the second 

derivative of band energy with respect to wave factor, i.e. m* is directly proportional 

to the curvature of the energy distribution curve at the extrema. Fig. 24 illustrates 
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band structure of CuIn0.75Ga0.25Se2 in different space directions calculated using 

density functional theory [33]. As the energy of valence band maximum is set to 

zero, negative energies refer to energies in valance band and positive ones to 

conduction band. In Fig. 24, the conduction band of CuIn0.75Ga0.25Se2 is more 

dispersed with smaller effective mass of electron of 0.086 m0 and the energy 

distribution reflecting valance band (i.e., below zero) is much more flatter than 

those in the conduction band, giving rise to an effective mass of hole of  0.67m0,  

drastically larger than 0.086 for electrons .  

 

Fig. 24 Band structure of CuIn0.75Ga0.25Se2 structure calculated by density functional theory. Reprinted with 

permission from ref. [33] 

 

The influence of element on the effective mass comes in through the interaction 

between the electron clouds that exerts alternation to the energy distribution. When 

this interaction results in more possible electron states or the electrons are more 

delocalized, the effective mass reduces. In CuInS2, the valance band is formed by the 

interaction between Cu d- and S p-orbit electrons, while the conduction band is 

developed by the overlap of In s- and S sp-orbits, the effective mass of electrons and 

holes are 0.16 m0 and 0.39 m0 (c.f., Table 2). Compared to Se atoms, the s and p 

states are much more localized in S atoms due to the smaller atomic radius and thus 

stronger attraction [36], therefore, replacing S with Se to form CuInSe2 “delocalizes” 

the electrons (and holes), which, drastically reduces the effective mass of electrons 

to 0.08 m0 (a 50% reduction!) and that of the holes to 0.14 m0. (a 64% reduction!!). 

Depending on formation of the conduction band and valance band structures, the 

effective mass change may go opposite ways. In methylammonium lead iodide 

(CH3NH3PbI3) perovskite, hybridization between Pb-6s and I-5p states forms its 

valance band and the conduction band is derived from Pb 6p states [45, 128-130]. 

As Tin (Sn) has smaller atomic size, Sn 5s has higher energy than Pb 6s state, 
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substituting Pb with Sn results in Sn 5s mixing with I 5p orbit to form stronger anti-

bonding than that of Pb atom in valance band [43]. Therefore the valance band of 

Sn-based perovskite is more dispersed thus effective mass of the hole reduces to 

0.13 m0 in CH3NH3SnI3 from 0.25 mo in CH3NH3PbI3, (c.f., Table 2) about 50% 

reduction.  Meanwhile, as the Pb 6p electron is more delocalized than Sn 5p, the 

effective mass of electron increases from 0.19 mo in CH3NH3PbI3 to 0.28 mo in 

CH3NH3SnI3 [43]. 

Effectively, substituting atoms with different sizes affects the band structure and 

therefore the effective mass of charge carriers. A lower effective mass contributes to 

higher charge carrier mobility, while the narrow bandgap favors more photons to be 

harvested. High efficiency can be achieved by optimizing these factors. 

 

Influence of imperfections on diffusion length and mobility 

Surface integrity, grain boundaries, defect concentration and device design all affect 

the charge transportation and thus efficiency of the solar cells. 

The quality of the light absorbing layer (continuity of coverage and free of pin-holes) 

is crucial in eliminating the current leakage points and recombination centers in the 

effort to achieve high efficiency.  

Fig. 25(a) shows a dendritic crystal with poor coverage of CH3NH3PbI3 perovskite 

(from the so-called “one-step” manufacturing method) while Fig. 25(b) is a uniform 

cube-like crystals with good coverage of the same material (from the so-called “two-

step” manufacturing method) [131]. The poor coverage results in direct contact 

between hole blocking TiO2 layer and the hole conducting material, as illustrated in 

Fig. 25(c) fabricated with one-step compared to Fig. 25(d) with two-step method, 

causing recombination, thus dramatically decreased the electron life time of about 

one order of magnitude difference as seen in Fig. 25(e). 
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Fig. 25 surface morphology of CH3NH3PbI3 (MAPbI3) films fabricated by (a) one-step and (b) two-step 

method, schematic illustration of charge selective layer contact of perovskite from (c) one-step and 

(d) two-step method, (e) the measured electron life time at different bias [131] 

One way of making CH3NH3PbI3 (MAPbI3) perovskite layer is to dissolve PbI2 and 

MAI in N, N-Dimethylformamide (DMF) at the same time. After spin coating onto the 

substrate, it is heated at a hot plate at around 100 °C for evaporation of residual 

DMF and final crystallization thus achieves the absorption layer at one go (thus 

“one-step”).  Because of the difference of PbI2 and MAI in dissolvability, wettability 

and ionic strength [131], nucleation and growth of PbI2 and MAI is largely different 

resulting in non-uniform and abnormal crystal growth during evaporation of DMF.  

To combat this non-uniformity, fast evaporation and fast crystallization hold the key. 

Fig. 26 studies process in achieving fast evaporation. In Fig. 26(a), DMF is 
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evaporated slowly; In Fig. 26(b), diethyl ether is dropped onto the substrate during 

spin-coating. As diethyl ether is a high volatile solvent and also miscible with DMF 

promoting fast evaporation of DMF, giving rise to better surface in Fig. 26(b) as 

compared to dendrite morphology in Fig. 26(a) [133].  Huang et al [132] simply 

used compressed Argon gas to blow away excess solvent to promote fast  

evaporation and achieved uniform perovskite film with dense packed crystals. 

 

 

Fig. 26 Surface SEM images of (a) without and (b) with diethyl ether wash during spin coating. 

Reprinted with permission from ref. [133]  

 

Faster crystallization can be realized with different source of lead-containing 

precursors. Lead iodide (PbI2) as precursor for perovskite needs 100 °C for 20 min 

for crystallization. Lead acetate (PbAc2), however, requires only 2.5 min at 100 °C 

[134] for good uniformity (Fig. 27(c) as compared with PbI2 (Fig. 27(a)) and PbCl2 

(in Fig. 27(b)). The activation energy of crystallization (Ea) for these three lead 

sources were obtained from in-situ X-ray data, i.e., Ea(PbI2) =97.3 kJ/mol, Ea(PbCl2)= 

86.6 kJ/mol, Ea(PbAc2)=67.5 kJ/mol, in the order such that Ea(PbI2) > Ea(PbCl2) > 

Ea(PbAc2) [135]. However, it is not necessarily the lower the crystallization 

activation energy the better the surface morphology. Lead nitrate [136], for instance, 

has an activation energy of 56.6 kJ/mol [135],   resulting in crystallization during the 

spin-coating process, but gives rise to a surface far from desire (c.f., dendrite grains 

in Fig. 27(d)).  
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Fig. 27 Surface morphology of perovskite fabricated from different lead source of (a) PbI2 processed 

at 150°C, (b) PbCl2 processed at 100°C, (c) PbAc2 processed at 100°C and (d) Pb(NO3)2 processed at 

45°C. Reprinted with permission from ref. [134, 136] 

 

Grain boundary (GB) plays an important role in the charge transport of solar cells. 

GB can be either beneficial or detrimental to device performance. Under normal 

circumstance, impurities tend to accumulate and more defects are found at the GBs 

compared to that inside the grains, thus larger grain means less GBs thus lower 

concentration of defects. On the other hand, GB could be electrically charged if the 

impurities or defects accumulated there are electrically charged. In this case, GB 

induces a built-in electric field that helps the charge separation [137-139] as 

discussed in section 3. Such a GB is said to be “benign” [140, 141]. Benign GBs in 

perovskite were confirmed both by calculation [140] and experiment [141]. GBs 

aligned perpendicular to the substrate separate grains into vertical alignment and at 

the same time behave “benign” thus are  beneficial to  device performance [142]. 

Bigger grains can be achieved through rising of the annealing temperature or 

increasing annealing time or both, but only to a certain extent, i.e., less than 300 nm 

[143].  As both PbI2 and MAI are easily dissolved in DMF, annealing in the presence 

DMF vapor proves effective in increasing the grain size [144]. Fig. 28 shows the 

resulting microstructure of the grains with and without the presence of DMF vapor. 

The grain size of perovskite through traditional annealing (TA) was less than 300 
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nm while under solvent annealed (SA), the grain size reached over 1µm (Fig. 28(b) 

and (c)). The charge recombination lifetime was induced from transient 

photovoltage technique and gives in Fig. 28(d). With DMF vapor (i.e., the SA 

process), the charge recombination lifetime is 7.2 μs, more than three times longer 

than that without (the TA process, 1.7 μs). This gives rise to 2.3 times increase in 

Hall mobility and diffusion length increase from 282 to 886 nm. Similar results are 

obtained through moisture [145] and excess MAI [146]assisted annealing.  

 

 

Fig. 28 (a) Schematics of the approach and solvent-annealing-induced grain size increase, surface 

morphology of (b) traditional annealing (TA) and (c) solvent annealing (SA) of 1015nm-thick 

perovskite, (d) Photovoltage decay under 0.3 Sun illumination measured by transient photovoltage 

technique. Reprinted with permission from ref. [144] 

 

Combining nucleation and growth into one process, Nie et al [147] spin-coats 

preheated substrate with hot solution, as illustrated in Fig. 29. The maximum grain 

size achieved reaches millimeter scale (Fig. 29(c)). In essence, this process clearly 

makes use of the above “SA” effect, in addition to nucleation and growth at one-go, 

resulting in extremely large grains and dramatically improved efficiency and 

mobility (c.f., Fig. 29(d)).  
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Fig. 29 (a) schematic of hot-casting process for perovskite films, (b) and (c) the large grain size 

observed for (PbCH3NH3I3–xClx)–based thin film, and (d) the effect of grain size on the efficiency of 

solar cell device [147] 

 

Defects (such as vacancy, interstitial and antisite) and their concentration define not 

only the intrinsic type of semiconductor (p or n-type) but also the concentration of 

majority charge carriers’ further influence the diffusion length. The non-radiative 

recombination centers with energy level deep in the band are mainly responsible for 

the short lifetime for minority carriers, resulting in low open circuit voltage.  

In lead based perovskite, the calculated energy levels of point defects are given in 

Fig. 30 [140]. Intrinsic point defects, such as iodine interstitials (Ii), CH3NH3(MA) 

molecules on Pb sites (MAPb ), CH3NH3 vacancies (VMA), Pb vacancies (VPb), MA 

interstitials (MAi), antisite defect (PbMA), and Iodine vacancy (VI), have low 

formation energy, which showed very shallow transition energy levels (means near 

the band edge). While defects with deeper energy level, such as IMA, IPb, PbI and Pbi, 

have high formation energy and are not the dominant defects in perovskite 
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materials [140, 148]. Therefore, the defects in lead based perovskite materials are 

mainly shallow defects, which have less effect on the recombination and charge 

transport.  

 

 

Fig. 30 Calculated transition energy levels of point defects in CH3NH3PbI3. The formation energies of 

neutral defects are shown in parentheses. Reprinted with permission from ref. [140] 

 

On the other hand, although iodine interstitials (Ii) is found in α-CH3NH3PbI3, it 

could freeze in the lattice and remain to be the dominant defects in β-CH3NH3PbI3 

during the phase transition from α to β-phase at around 60 °C [148]. By alloying 

iodine with chloride, the formation of interstitial Ii is suppressed due to the 

shrinkage of lattice therefore reduces the density of trap states and increases the 

diffusion length [45]. Snaith’s group [149] reported that the diffusion length of 

electron and hole for CH3NH3PbI3 is 129±41 nm and 105±32 nm respectively, 

while that for CH3NH3PbI3-xClx is 1069±204 nm and 1213±243 nm respectively, 

demonstrating an improvement of an order of magnitude. 

During formation of an alloy, atoms of similar size may occupy “wrong site”, such as 

Zn occupying some of Cu position in CZTSSe. This kind of defect is termed “antisite” 

defect.  The way to reduce antisite defect is to partly use atoms of not-so-similar size. 

From the Period Table of Elements (see Table 1), as Zn, Cd, and Hg are in the same 

group with increasing atomic size, Cd or Hg can be used to replace Zn. Similarly Ag 

in the same group as Cu, it can be made use to replace Cu. Su and co-workers [150] 
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used Cd to replace part of Zn, improved their  CZTS efficiency from 5.3% up to 

9.24%. Similar improvements were reported using smaller atomic size Ge to 

substitute Sn [151, 152]. However there is no report on Ag and other transition 

metal replacement of Cu and/or Zn and should be conducted later.   

As mentioned afore, transportation of minority charge carriers affects the efficiency 

of solar cell, therefore it is obvious that the majority charge carrier concentration 

should be controlled in a proper level (< 1015 cm-3 for lead based perovskite) [153], 

too high a majority carrier concentration increases the possibility of recombination 

between minority and majority carriers thus shorten the life time and diffusion 

length. This becomes more serious in Tin (Sn) based perovskite solar cell (such as 

CsSnI3, CH3NH3SnI3 etc), as the formation energy of Sn vacancy generating hole is 

very low leading to a hole concentration as high as 1017~1018 cm-3, much higher 

than that in lead based perovskite [154]. This high hole or majority charge carrier 

concentration results in a short diffusion length of 30 nm in CH3NH3SnI3 as 

compared to around 1 µm in lead based CH3NH3PbI3 perovskite. Calculation shows 

that with the decreasing of hole doping concentration from 1018 cm-3 to 1015 cm-3, 

the diffusion length of CH3NH3SnI3 dramatically increases from around 50 nm to >1 

µm [155]. Based on this, Kumar et al introduced extra tin fluoride (SnF2) to retard 

the formation of tin vacancy, achieving an efficiency improvement from  3×10-4 % 

to 2.02% with 20% addition of SnF2 into CsSnI3 [156].  

 

Influence of device design on charge transportation 

As charge transport involves “charge drift” and “charge diffusion”. Charge drift 

occurs as charge moves under the effect of an electrical field and charge diffusion is 

the movement of charge under charge concentration gradient. All that accelerate 

these aspects improves charge transportation. 

In the context of solar cells, the electric field refers to the built-in field due to the 

difference in energy levels of the components in the material. The strength of the 

electric field is obviously affected by the composition.   

Careful adjustment of composition gives rise to band grading therefore favorites the 

movement of charge carriers. Fig. 31 [157] shows this strategy in CIGS solar cell, in 

which the p-n junction is formed between the p-type CIGS absorber layer and the n-

type CdS and ZnO layers. Molybdenum is the back contact electrode, molybdenum 

selenide (MoSe2) formed during the growth of the CIGS absorber resulting in a 

favorite quasi-ohmic contact. In Fig. 31(a), secondary ion mass spectrometry (SIMS) 

results of the composition profile along CIGS thickness direction are plotted for 
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three samples, A, B and C, of which Sample C has a relatively wider and flatter of low 

gallium content range (green color line with wider and flatter valley) compared to 

Sample A and B. As discussed afore, addition of Ga into CIS primarily increases the 

conduction band minimum (EC in Fig 31(b) and (c)), whereas the valence band 

maximum (EV in Fig. 31) is only slightly affected, thus increases the bangap of CIGS. 

Too low and profound Ga ratios existing in Sample A and B result in lower Ec near 

the p-n junction and form a “notch” in the conduction band edge Ec, acting as a drain 

that traps electrons and lead to enhanced recombination with holes from the 

valance band Ev (c.f. Fig. 31(b)). On the contrary, higher concentration and more 

smooth distribution of Ga in Sample C results in an optimal bandgap grading profile 

favoring the electron drift without any barrier (c.f. Fig. 31(c)). With this design, the 

efficiency of CIGS solar cell improves to 18.7% for Sample C, from 16% for Sample A 

and 17.6% for Sample B. 

 

 

Fig. 31 Illustration of (a) Depth profiles of the three samples (A–C) showing the relative Ga content x 

along the CIGS film depth as assessed by SIMS measurements. Indicated are the front grading heights 

Δxf and back grading heights Δxb, the electronic barrier (b) without and (c) with optimized grading 

condition, indicated are conduction band energy EC, valence band energy EV, Fermi level EF, space 

charge region (SCR), and quasi-neutral region (QNR). Reprinted with permission from ref. [157] 

 

In organic solar cells, the diffusion length is usually short, around 10 nm, [158-163] 

which is too thin for effective absorption to take place (typically at least 100 nm 
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thick absorption layer is needed). The way to overcome the short diffusion length 

problem is to use bulk heterojunction, i.e., organic acceptor and donor molecules or 

polymers are mixed to form a blend of heterojunctions with fine grains [164-166]. 

Fig. 32 illustrates this concept where the different colors represent two types of 

organics having different energy levels. The “heterojunctions” formed at the 

interfaces between these two organic grains are 3D distributed within the films, 

thus termed as bulk heterojunction (BHJ). In this case, interpenetration is important 

in order to channel the charge out from the material. Without annealing, the BHJ has 

fine microstructure and lots of junctions but may not interpenetrated thus charges 

are isolated within and cannot be channeled out as shown in Fig. 32(a) [167]. 

Annealing is applied to increase the grain size and form interpenetrating network of 

donor/acceptor favoring the charge transport. The electrons and holes are 

transported separately in the network of acceptor and donor [168]. However too 

much annealing increases the grain size, coarse the morphology even finally results 

in phase separation. Fig. 32(c) shows the coarse morphology produced by too long 

time annealing; the average domain size (Wc) is much larger than the diffusion 

length of exciton (Lex) inducing less efficient charge dissociation. An optimized 

condition (i.e. grain size equal to exciton diffusion length) of annealing exists for 

every pair of donor and acceptor, shown in Fig 32 (b) as ta (opt) [167]. 

 

Fig. 32 Annealing effect on the short-current density of BHJ. Reprinted with permission from ref. [167] 

 

3.3.2 Factors affecting charge collection 

As the electrons and holes are transported into the interface of collection layer, they 

are collected to load the outer circuit. The collection should be fast enough to 

eliminate the charge accumulation and possibility of recombination at the interface. 
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The band edge matching (band alignment) between semiconductor and the 

collection layer, the properties especially conductivity, and the geometry of the 

collection layer will affect the collection efficiency. 

In planar perovskite configuration, the TiO2 (especially deposited by spray pyrolysis 

and spin coating process) is normally used as the electron extraction. However, the 

band edge of TiO2 layer fabricated by atom layer deposition (ALD) is higher than 

perovskite [119]. Lots of electrons accumulate at the interface due to this energy 

barrier and get recombined, giving rise to low collection efficiency. Hagfeldt and 

coworkers [119] completely replaced TiO2 with SnO2 processed by ALD, to align the 

band with perovskite, especially that of the mixed perovskite, allowing electrons 

easily injection into the conduction band of SiO2. This design results in an efficiency 

of over 18% for SnO2-based devices. 

To improve the stability of perovskite solar cell, inorganic TiO2 and nickel oxide 

(NiO) were introduced as the electron and hole collection layer respectively, instead 

of organics. However, the poor conductivity of these inorganic oxides limits the 

charge collection and therefor the conversation efficiency. Niobium (Nb) was chosen 

as dopant for TiO2, magnesium (Mg) and lithium (Li) were used to dope NiO to 

improve the conductivity to result in more than 15% efficiency [169].   

The collection efficiency can be further improved by design 1D electrode, which 

performs as a charge collection highway. Examples in this category include TiO2 

nanotube arrays in DSSC [170], and interlacing of two types 1D polymers [171-173]. 

 

4. Reliability and stability in perovskite cells 

Although perovskite solar cells can be produced with high performance via low cost 

solution process, the inherent poor stability and reliability may be fatal in its wide 

application. In this section we focus on issues pertaining to the reliability of 

perovskite solar cell performance, and environmental stability, such as thermal, 

moisture, light, oxygen and device configuration etc. 

 

4.1 Hysteresis in I-V curve  

One interesting phenomenon for perovskite solar cell is the hysteresis in current-

voltage curve. Fig. 33 demonstrates that the device performance is strongly 

dependent of the measurement method, such as scan direction (forward or reverse), 

and scan rate. This hysteresis or performance difference is one of the data reliability 
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problems. Reverse or fast scan normally gives better performance than that from 

forward or slow scan.  In cases, this difference could be notably big (c.f. Fig. 33). The 

cause of the hysteresis and how to get rid of it is still in hot debate. Currently three 

mechanisms dominate the discussions with regard to generation of the hysteresis: 1. 

ferroelectric, 2. ion motion, and 3. interface contact, as detailed below. 

   

 

Fig. 33 (a) scan direction and (b) scan rate effect on the performance of planar perovskite solar cell 

on spray pyrolyzed TiO2 and atomic layer deposited TiO2 blocking layer [119] 

 

Ferroelectric 

Since the hysteresis I-V curve is similar in shape with ferroelectric behavior of a 

material (and indeed, many oxide perovskite do display ferroelectric properties), 

researchers naturally relate the hysteresis phenomenon to the ferroelectric 

properties of perovskite. The fact that dwelling of ~10 s in stepwise scan eliminates 

the hysteresis supports this theory: in ferroelectric model, dipoles need time to 

rotate and follow the external field (c.f. Fig. 34(a)) [174]. Researchers have even 

measured the polarization of perovskite by piezoelectric force microscopy.  As 

shown in Fig. 34(b), domains are observed switchable similar as in a ferroelectric 

[175, 176]. Furthermore, when the perovskite is polarized with electric field, the 

current obtained follows the polarization direction and reverses the direction when 

the polarity is reversed, as shown in Fig. 34 (c)[177].   
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Fig. 34 (a) Current−voltage measurements of the stepwise scan measurements (with a dwell time of 

∼10 s per 100 mV step) and transient scan (scan velocity: 250 mV/s) in forward and reverse scans, 

reprinted with permission from ref. [174], (b) piezoelectric force microscopy image of switchable 

domain, reprinted with permission from ref. [176] and (c) switchable current-voltage curve of the 

perovskite devices under continuous current sweeping at a rate of 0.14Vs-1 between -2.5V and +2.5V 

after positive and negative poling. The arrows in the figures show the scanning direction, reprinted 

with permission from ref. [177] 

 

Careful comparison, however, of the shapes of reported polarization-electric field 

loop of perovskite with true ferroelectric materials casts doubts in the ferroelectric 

theory. Fig. 35(a) is the expected polarization-electric field loops of a ferroelectric 

material. Fig. 35(b) is a typical polarization electric field loop of perovskite. 

Obviously they are vastly different. In one report, the hysteresis loop indeed shares 

similar shape with ferroelectric (Fig. 35(c)), but the polarization value has far 

exceeded the normal range: in excess of 1000 μC·cm-2 at frequencies below 0.4Hz 

(1/f=2.5s, c.f. Fig. 35(d)) [178], one order of magnitude higher than the best 

ferroelectric materials (BiFeO3 thin film of 150 μC·cm-2) [179]. 
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Fig. 35 (a) Expected electric (E)-field dependence of accumulated charges due to ferroelectric 

polarization; reprinted with permission from ref. [178] (b) typical experimental current-voltage (I-E) 

and polarization-voltage loop of Au/CH3NH3PbI3/PEDOT:PSS/ITO measured with an applied voltage 

of 1 V and 10 Hz, reprinted with permission from ref. [180]; (c) Hysteretic charge density (QH/A) as 

measured by the DWM on a CH3NH3PbI3 thin film at 2 Hz and (d) Frequency dependence of the QV 

hysteresis at low frequencies, where some saturation from the low frequency linear behaviour (dotted line) 

is observed. For f below 1 Hz, error bars indicate the range of measured values of hysteresis at each 

frequency, reprinted with permission from ref. [178] 

 

Ion Motion  

A typical ion conduction behavior under scanning voltage is represented by the so-

called banana loop (Fig. 36(a)) [181]. The dielectric of banana skin is shown in Fig. 

36(b) [182]. At the highest frequency (higher values at X-axis), the dielectric 

constant of banana skin is way below 100 (vertical axis). With decreasing frequency, 

the dielectric constant dramatically increased, reaching a colossal value of more 

than 108. This is well known banana ionic conductivity. Fig. 36(c) and (d) [183, 184] 

illustrate the experimental set-up and the giant dielectric constant of perovskite 

materials as a function of frequency. At high frequency, the dielectric constant of 

perovskite is less than 10, and reaches ~1000 at low frequency in dark condition. 

Under illumination, the dielectric constant at low frequency further increases to 

105-106, which is claimed due to increased population of electronic carriers. The 
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striking resemblance of Fig. 36(b) and Fig. 36(d) naturally points to the ion 

conduction possibility. 

 

 

Fig. 36 Comparison of the frequency-dependent dielectric response of a banana and CH3NH3PbI3. (a) 

polarization-electric field loop, reprinted with permission from ref. [181] and (b) broadband spectra of 

real dielectric permittivity of a banana skin at room temperature, reprinted with permission from ref. 

[182]; (c) illustration of dielectric property measurement and (d) real dielectric permittivity of a 

CH3NH3PbI3 thin film under dark and 1 sun illumination conditions, reprinted with permission from ref.  

[183, 184] 

 

In fact, fast oxygen ion motion property in oxide perovskite (ABO3) has been applied 

as electrode materials for fuel cell application [185, 186]. In halide perovskite 

(ABX3), ionic conductivity and motion of F- vacancies in KCaF3 was also reported 

[187]. Motion of Br and Cl ions was also confirmed in all inorganic (CsPbX3, KMnCl3) 

halide perovskites [188]. Ion diffusion in organic-inorganic halide (CH3NH3PbX3) 

perovskite was calculated through First-Principles method. The results indicated 

that I- anions in perovskites can easily diffuse with a low energy barrier of around 

0.3 eV, comparable with ion conducting materials. The bond between Pb-I showed 

weak enough for I- migration. Interesting enough, the A-site large organic cation, 

CH3NH3
+, also has a rather low barrier of <0.60 eV [189]. The calculated activation 

barrier of migration of Pb vacancy is around 0.8 eV [190]. As such, migration of 
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organic cations in perovskite is possible under an electric field.  Diffusion of iodine 

vacancies and interstitials across the perovskite crystal is even easier as the 

activation energy is only ~0.1 eV [190]. The diffusion is also fast: at a short time 

scale of < 1 μs it could migrate to the electrodes. Comparatively, the larger organic 

ion CH3NH3
+ and Pb vacancies with relatively higher activation energies of ~0.5 and 

0.8 eV, respectively, move at a much slower paste: in the order of tens of milli-

seconds to minutes. This could be the cause of the hysteresis. In Fig. 37(a), an 

experiment was set up to monitor, with an optical microscope, the transmission of 

light through the perovskite film under applied voltage. The area closer to the anode 

became increasingly transparent with time (c.f., Fig. 37(b)), indicating loss of mass, 

an indirect proof of ion motion. Morphologically, large amount of pinholes were 

observed in this area (a direct proof of moving away of mass) [177]. Very recently, 

photo-induced halide redistribution in organic–inorganic perovskite film was 

observed through a unique combination of confocal photoluminescence (PL) 

microscopy and chemical imaging to correlate the local changes in perovskite thin 

film, a strong evidence of ion motion [191]. The property changes of perovskite 

under high pressure suggest that the relatively not compact perovskite cage may 

provide space for fast ion motion [192]. 

 

 

Fig. 37 In situ monitoring of the material change during the poling process. (a), Illustration of the set-

up used for in situ monitoring of the poling process using a lateral structure device. (b), Snapshots of 

the in situ recorded video, showing changed perovskite material close to the anode side during the 

poling process. The electrical field applied on the perovskite film was ~1.2V·µm-1. Reprinted with 

permission from ref. [177] 

 

Interface contact 

As not all perovskite devices have the hysteresis problem, ion motion may still not 

be the only mechanism. Ion motion causes migration of mass and also charge 
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accumulation that in turn may change the defect physics and electrical conductivity 

thus eventually degrades the long term stability.  

Figure 38 shows no hysteresis inverted planar perovskite solar cell with PCBM(C60) 

as electron and PEDOT:PSS as hole transport layer [193]. The device has no 

hysteresis under different scan direction and scan rate from 0.1 to 0.5 V/s.  In 

contrast, hysteresis almost always appears in perovskite solar cell with TiO2 as 

contact layer. To compare, planar perovskite solar cells with different contact layers, 

including TiO2, spiro, PEDOT:PSS, PCBM, NiO etc, have been fabricated and their 

hysteresis behavior showed that, with TiO2 and spiro as contact layers, the 

hysteresis is serious while it is less with PEDOT:PSS and PCBM contact (c.f. Fig. 39) 

[194]. The conductivity of PEDOT:PSS and PCBM are comparable (0.014 and 0.016 

mS·cm-1 respectively). The electron and hole extraction from perovskite might be 

similar and thus no charge accumulates at the interface. However the conductivity 

of TiO2 is 0.00006 mS·cm-1, resulting slow electron extraction from perovskite 

compared to hole extraction [111]. The TiO2 layer is then considered the main 

reason for its hysteresis behavior.   

 

 
Fig. 38  J–V curves of perovskite solar cells with a structure of ITO/PEDOT:PSS/290 nm CH3NH3PbI3/30 

nm PCBM/Al measured with (a) forward and reverse scanning directions and (b) different scanning speed 

under AM 1.5 G illumination. Reprinted with permission from ref. [193] 

 

To confirm this effect, hysteresis is measured in a special setup where a perovskite 

layer is sandwiched between two layers of FTO/TiO2 (Fig. 40). The curves showed 

apparently enlarged hysteresis, confirming the problematic TiO2 contact layer [195]. 
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Fig. 39 I-V hysteresis of perovskite solar cells with different contact layers. Reprinted with permission 

from ref. [194] 

 

 

 
 

Fig. 40 (a) Structure of MAPbI3 (500 μm) symmetric devices with TiO2 contact layers, (b) Capacitive 

currents exhibited by TiO2/MAPbI3/TiO2 samples. Perfect square-like, scan rate-dependent responses are 

obtained indicating electrode capacitance behavior. Reprinted with permission from ref. [195] 
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However,  high efficiency (20.8%) perovskite based on TiO2 and spiro contact layers 

are reported without any hysteresis in forward and reverse scan, and also with 

different scan rate (c.f. Fig. 41) [199]. The microstructure shown in Fig. 41 indicated 

the large grain size and thicker perovskite capping layer above TiO2 layer. This 

points out the importance of microstructure and the crystallinity. More study on this 

aspect is needed.  

To avoid the influence of the hysteresis and ensure comparability of research data, 

proposal is made for steady-state efficiency: measurement should be conducted at a 

fixed voltage near the maximum power point and at fixed applied bias until it 

stabilizes, as shown in Fig. 42 [196].  

 

 
Fig. 41 (a) J-V curves for the champion solar cell under AM 1.5 G illumination, measured from Voc to 

Jsc,(b) Cross-sectional SEM image of the champion cell. (c) Hysteresis measurements of one PSC at 

different scanning speeds under AM 1.5 G illumination [197] 
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Fig. 42 Stabilized power output from a perovskite solar cell. Reprinted with permission from ref. [196] 

 

4.2 Environmental stability of perovskite cells 

 

It is commonly accepted that the environmental stability of solar cells includes 

stability against the combination of heat, moisture, oxygen and light. High 

temperature induces decomposition or phase change of perovskite materials. Device 

configuration, such as the electron and hole transporting materials will also affect 

the stability of perovskite solar cell. MAPbI3 perovskite is considered highly 

sensitive to moisture thus degrades in the presence of water under light as follows 

[198, 199]:  

In presence of moisture: CH3NH3PbI3 (s) +H2O ←→ [(CH3NH2)PbI3][H3O]                                    (9) 

[(CH3NH2)PbI3][H3O] ←→ CH3NH2 (aq) +HI (aq) +PbI2 (s)                                     (10) 

In presence of oxygen: 4HI (aq) + O2 ←→ 2I2 (s) +2 H2O                                                  (11) 

Under light: 2HI (aq) + hv ←→H2 (g) +I2 (s)                                                       (12) 

In other words, moisture initiates the degradation of perovskite, while oxygen and 

light help to move the reaction forward. The processes are discussed in detail below. 
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4.2.1 Effect of heat 

Table 3 lists the decomposition temperature and the stable temperature of several 

currently used perovskite materials. Bulk single crystal CH3NH3PbI3 (MAPbI3) starts 

to decompose when the temperature is above 240°C. But this temperature drops to 

around only 85°C when it is in the form of film [200]. The most important issue that 

limited the practical application of MAPbI3 is that it undergoes phase change from 

tetragonal to cubic at 55°C – a very temperature right in the range of solar cell 

operation [201]. Substituting iodine with bromine can improve the temperature 

stability. It is believed that the organic cation CH3NH3
+ has strong dipole and 

different orientation which increase the disorder inside the crystal structure of 

CH3NH3PbI3. Changing the CH3NH3
+ with HC(NH2)2

+, the stability dramatically 

improved. There is no phase change of HC(NH2)2PbI3 at temperature lower than 

150°C. However it is difficult to obtain pure and stable phase (black) of 

HC(NH2)2PbI3 as non-perovskite  phase (yellow) forms easily or transforms from 

phase through hydrolysis [201], thus detrimental to solar cell application. Further 

substituting organic cation with inorganic Cs to form CsPbI3 or CsPbBr3 completely 

eradicates decomposition up to their melting point. However, the CsPbI3 and 

CsPbBr3 compounds are non-perovskite orthorhombic at room temperature. 

CsPbBr3 transfers to tetragonal (orange in color) at 130°C, CsPbI3 transforms to 

tetragonal (black in color) ~300°C [202].  

 

Table 3 Stable temperature of several perovskite compounds 

Compound CH3NH3PbI3 CH3NH3PbBr3 HC(NH2)2]PbI3 CsPbI3 CsPbBr3 

Decomposition 
temperature 
(°C) 

240 (single 
crystal), [200] 
85 (thin film)  

257(single 
crystal),[200] 

320-
360(single 
crystal)[203] 

>460[204] >460[204] 

Perovskite 
phase 
stable/forming 
temperature 
(°C)  

55 [201] ~70 185(single 
crystal),[203] 
<150 (thin 
film)[205] 

>300[204] >130 [206, 
207] 

 

One of the strategies to solve the thermal stability problem is to add a small amount 

of MA into FAPbI3, and thus forming (MAFA)PbI3 to make use of the stronger dipoles 

in MA to strengthen the interactions between the MA cation and the inorganic PbI6 

octahedral cage. This hence improves the stability. Bein et al [208] added 17% of 

MA into FA to form MA0.17FA0.83PbI3, and found no phase change from 25 to 250°C as 
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scanned in differential scanning calorimetry (DSC). As Br is one atomic period ahead 

of I, thus Br has stronger bond with Pb, addition of Br to replace some I is expected 

to further enhance stability. Seok et al further incorporated bromide into this 

system to form a stable black phase MA0.15FA0.85Pb(Br0.15I0.85)3 (measured up to 

150°C) [209]. However, the addition of MA in FAPbI3 does not necessarily solve the 

long term stability problem as MAPbI3 itself has an inherent decomposition problem 

at only 85 °C. Park [210] mixed FA with Cs forming FA0.9Cs0.1PbI3 with improved 

stability. Snaith [211] added Cs into FAPb(IBr)3 to form FA0.83Cs0.17Pb(I0.6Br0.4)3.  At 

130°C for up to 6h, no change is observed in optical band gap and the crystal lattice.  

Extending this idea to its extreme, effectively replacing all FA with Cs in the 

compound to form CsPb(I2Br) [202], this produced a stable absorbance for 270 min 

at 85 °C in a relative humidity of 20~25%. Prolonged exposure to ambient, hours or 

days depending on humidity, this compound still instigated degradation into non-

perovskite (yellow) phase.  

In fact, non-stability of MAPbI3 lies in its own thermodynamics as revealed  by Wei 

et al. [212] through calculation of its decomposition energy (c.f., Table 4):  at room-

temperature, decomposition of CH3NH3PbI3 into CH3NH3I + PbI2 is exothermic. In 

other words, the commonly used perovskite, CH3NH3PbI3, is inherently 

thermodynamically unstable, regardless of the humidity or oxygen in the 

atmosphere. Substituting iodine with bromine or chlorine turns tide (negative to 

positive, i.e., exothermic changes to endothermic). However, the quantum of the 

endothermic value is still too small even completely replacing I with Br. Accordingly, 

it is unpromising to stabilize CH3NH3PbI3 with partial or even complete replacement 

of I with Br. If this is true, i.e., the instability is the intrinsic thermodynamic problem 

of MAPbI3 perovskite itself, the encapsulation is of no use at all to avoid the effect of 

moisture or oxygen.  As such, the direction of research should turn to MA-free or 

inorganic inclusion at “A” site in ABX3, as shown in the calculation that addition of Cs 

does help to increase the level of endothermic energy (thus the stability of the 

perovskite). 

Table 4 The calculated energy cost (in eV/f.u.) of the phase-separation reactions of the hybrid halide 

perovskites in three crystal polymorphs and with two exchange-correlation functionals (PBE and 

vdW-TS) [212]  

Phase-Separation cubic tetragonal orthorhombic 
PBE vdW PBE vdW PBE vdW 

CH3NH3PbI3 → CH3NH3I + PbI2 -0.111 -0.119 -0.060 -0.063 -0.031 0.037 
CH3NH3PbBr3 → CH3NH3Br + PbBr2 0.043 0.014 0.077 0.065 0.068 0.106 
CH3NH3PbCl3 → CH3NH3Cl + PbCl2 0.040 0.004 0.058 0.033 0.097 0.071 
CsPbI3 → CsI + PbI2 -0.069    0.098  
CsPbBr3 → CsBr + PbBr2 0.127    0.209  
CsPbCl3 → CsCl + PbCl2 0.224    0.292  
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In summary, the thermal stability problem is a big or even fatal issue concerning 

development of perovskite solar cell into commercializing. Through composition 

design and modification to improve the stability is urgent for commercial 

applications.  

 

4.2.2 Effect of moisture 

Three models are established on possible decomposition of perovskite under 

moisture: 

Walsh et al [115] proposed a simple acid-base reaction, seen in Fig. 41(a), with 

methylammonium lead iodide as an example, where a single water molecule is 

sufficient to decompose a perovskite molecule into [(CH3NH2)PbI3][H3O] (c.f., Eq. (9), 

or process “a” in Fig. 41(a)). Kamat et al. [213], however, viewed it slightly different:  

before decomposition takes place, H2O and perovskite molecules first form a 

hydrate product similar to (CH3NH3)4PbI6·2H2O. This was later confirmed by Kelly 

[214] through experiment. Excess moisture is needed to further drive this reaction 

to dissolve by-products HI and CH3NH2 (“b” and “c” in Fig. 43(a)).  With sufficient 

moisture, the perovskite molecule finally degrades into CH3NH2 (aq) +HI (aq) +PbI2 

(s) (c.f., Eq. 10) and the color changes to yellow (solid PbI2).  Jena et al [199] further 

illustrated this process through molecular dynamics simulations (Fig. 43(b)). They 

believed that the water molecule first attacks the bond between [CH3NH3]+ and 

[PbI3]-.  Due to the huge negative charge on both the oxygen and the iodine atoms, 

the water molecule pushes the iodine away. The iodine atom then grasps one proton 

from the NH3 group in [CH3NH3]+ to form HI, CH3NH2 and water, leaving PbI2 behind. 

Therefore the NH3 group in organic cation is the culprit and the weak bond between 

Pb and I made it easily attacked. 

As such, the way towards stability is to rid of these two causes. Park et al. [210] 

improved the photo- and moisture stability of perovskite film by replacing 10% of 

HC(NH2)2
+ with Cs+, as shown in Fig. 44. EPFL researchers targeted both aspects by 

using Cs, MA and FA at “A” site and replacing some I with Br to strengthen the Pb-X 

bonding to achieve a consistent efficiency of 21.1% for continuous aging of 250h at 

operation condition [215].  
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Fig. 43 (a) A. Walsh’s model of possible decomposition mechanism of methylammonium lead iodide 

perovskite in the presence of water. A water molecule, a, is required to initiate the process of 

decomposition, being driven by dissolving of b/c in water or volatile of c, finally resulted in yellow color 

solid phase PbI2, reprinted with permission from ref. [115] (b) Degradation mechanism of CH3NH3PbI3 

exposed to moisture proposed by P. Jena. The ball-and-stick plots (Pb: lead black; I: purple; N: cyan; C: 

black; O: red; H: pink) in the circles demonstrate the process in sequence as indicated by the arrows. It 

starts with the reactant as one water molecule is trapped between the super alkali [CH3NH3]
+
 and super 
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halogen [PbI3]
- and ends up with products of PbI2, CH3NH2, HI and H2O, reprinted with permission from 

ref. [199] 

 

 
 

Fig. 44 Normalized absorbance of FAPbI3 and FA0.9Cs0.1PbI3 films measured a) under sulfur lamp (relative 

humidity (RH) < 50%, temperature (T) < 65 °C) and b) under constant humidity of RH 85% in dark ( T 

=25 °C) as a function of time. The absorption spectra were measured every hour for photo-stability test and 

every half an hour for moisture-stability test. Reprinted with permission from ref. [210] 

 

Even the lead source might also affect the stability of perovskite synthesized, as 

reported by Mora-Sero et al [216]: perovskite produced from PbCl2 gives better 

stability than that from Pb(OAc)2, (OAc = CH3CH2COO-). As the morphology 

especially the crystal size varied significantly as the lead source changed, it is 

inconclusive whether the stability improvement is due to larger crystal size 

obtained from PbCl2.   

As illustrated in Fig. 43, moisture decomposition of the perovskite structure is 

realized through first breaking of the bonds between “A” site group and the PbI3 

group. If this bond can be strengthened or bonded to other groups of stronger 

affiliation than with H2O, the stability should increase. Graetzel and coworkers [217] 

introduced butylphosphonic acid 4-ammonium chloride (4-ABPACl) into their 

perovskite solution and strong hydrogen bonding of the –PO(OH)2 and –NH3
+ forms 

to crosslink neighboring perovskite grains as shown in Fig. 45. This eliminates the 

chances of H2O “invasion” into the boding of “A” site group and the PbI3 group. The 
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device thus made remained its initial efficiency close to 14% for one week in 

ambient conditions at 55% relative humidity without encapsulation. In comparison, 

the efficiency of the cell without 4-ABPA “crosslinking treatment” degraded from ~7% 

to 1% under the same condition.  This crosslinking can also be realized with other 

organics such as aliphatic fluorinated amphiphilic additive [218].  

 
 

Fig. 45 Schematic illustration of two neighbouring grain structures in which the methyl ammonium 

groups are shown as one sphere for clarity, and the PbI6
4- octahedral are shown in red, crosslinked by 

butylphosphonic acid 4-ammonium chloride (4-ABPACl) hydrogen-bonding interactions (O-H…I and 

N-H…I) of the iodide from the iodoplumbate complex with the phosphonic acid (-PO(OH)2) and the 

ammonium (-NH3+) end groups of the 4-ABPACl species. Reprinted with permission from ref. [217] 

 

Replacing some of the “A”-site group with gigantic molecule effectively breaks up 3D 

into 2D lattice structure. The gigantic organic group slices 3D crystal structure and 

acts as a protection layer to avoid moisture attack. Fig. 46(a) showed the crystal 

structure of 2D hybrid perovskite (PEA)2(MA)2[Pb3I10](PEA=C6H5(CH2)2NH3
+, MA= 

CH3NH3
+), where the (MA)[PbI3] is sliced along specific crystallographic planes by 

PEA group [219]. The long chain of C6H5(CH2)2 in PEA group forming a protection 

layer to avoid the attack of moisture with NH3
+ group and the Pb-I bond. This 

compound shows extremely moisture resistance. After exposure to a relative 

humidity of 52% for 46 days, the crystal structure did not change, being a new kind 

of moisture stable low dimensional perovskite (c.f. Fig. 46(b)) [219]. However the 

larger bandgap and lower solar cell efficiency of this kind of 2D materials should be 

balanced.  



  

66 
 

      

 

Fig. 46 (a) Crystal structure of 3D and 2D perovskite, (b) XRD pattern of (PEA)2(MA)2[Pb3I10] after 

exposure to 52% relative humidity condition. Reprinted with permission from ref. [219] 

2D or multidimensional perovskite has abundant chemistry to play with: breaking 

up of the 3D structure along different crystalline orientation coupled with inserting 

organic layer of different nature gives rise to vast possibilities of 2D structures. And 

in the same orientation of “cut”, one can generate perovskites with a general 

formula (RNH3)2An−1MnX3n+1 by tuning the number of inorganic layers n in the 

structure where n = 1 gives rise to a pure 2D layered; n = ∞, 3D structure; and n = 

other integer, quasi-2D layered structure as illustrated in Fig. 47 [220], where the 

center image is a 3D perovskite, the left is inserting an organic layer along the <110> 

orientation with n=2, and the right illustrate inserting the organic layer along <001> 

with different values of n. The stability of perovskite improves with the increasing of 

amount and size of organics. The drawback, however, is the detrimental increase of 

the barrier for the interlayer charge transportation and the binding energy of the 

exciton. Chemical strengthening of the bond between the organic and inorganic 

sheets and/or use of conductive organic cations should favor interlayer charge 

transportation.  
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Fig. 47 Concept of multidimensionality in perovskite materials; introduction of large organic cations 

in the inorganic layers break the AMX3 symmetry to form perovskites in <110> and <001> oriented 

A2MX4 layered structures. Reprinted with permission from ref. [220] 

One significant phenomenon reported by Yang’s group showed that, the efficiency of 

planar perovskite solar cell boosted to 19.3% produced in controlled humidity. The 

moisture seems like favorite the formation of perovskite. However the fabricated 

perovskite still suffer from moisture instability [221]. 

As can be seen, huge amount of interests have been attracted in the stability of 

perovskite materials in air atmosphere and many promising results came out. 

However, it is still far from practical application requirements and need further 

improvement. 

 

4.2.3 Effect of oxygen and light 

As indicated in Eq. 11 and 12, the product of the moisture decomposition of 

perovskite, HI, further decomposes to gaseous H2 and I2, with presence of oxygen 

and/or light, accelerating the degradation reaction.  Should I be replaced by Br, HBr 

would be formed, but the stability of HBr against oxygen and light is much better 

than HI. The key of this chain reaction lies in the existence of moisture (H2O) and I. If 

there is no presence of water or iodine is changed to bromine, oxygen or light 

induced degradation will be weakened. Katz et al [222] investigated the stability of 

replacing I with Br (c.f., Fig. 48): for encapsulated MAPbI3 and MAPbBr3, at room 

temperature there is no degradation in both cases as there is no moisture. However, 
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at elevated temperature, the trapped-in moisture acted thus in the case of MAPbI3, 

HI formed thus degradation took place. But in the case of MAPbBr3 even though 

there might be HBr formed there was no further reaction thus perovskite 

degradation disappeared. 

 
 

Fig. 48 Schematic illustration of the degradation of MAPbI3 and MAPbBr3 films under 100 suns and 

different temperature. The absorption of MAPbI3 films degraded about 7% after exposure to 100 

suns for 60 min at 45~55 °C. Reprinted with permission from ref. [222] 

 

The UV light also acts to oxidize I- into I2 with presence of TiO2 (as TiO2 absorbs UV), 

thus degradation of perovskite (MAPbI3 or FAPbI3) into PbI2 takes place. This is 

called photocatalytic degradation. Fig. 49 illustrates this process. TiO2 has strong 

electron extraction ability from organic materials as photo-catalysts and from iodide 

(I−) as electrodes in DSSCs. Extraction of electron by TiO2 from an iodide anion (I-) to 

form I2 and from CH3NH3
+ to release CH3NH2 gas and H+ (Fig. 49(a)). The byproducts, 

I2 and H+, react with I- and HI is formed leaving PbI2 behind.  As such, breaking of the 

contact between TiO2 with perovskite should stop this degradation. Coating the TiO2 

surface with Sb2S3 thus passivated the surface of TiO2 and resulted better stability, 

as shown in Fig. 49(b)[223].  Similarly, a very thin Al2O3 layer on top of TiO2 was 

also effective in improving UV stability [224]. CsBr was also used to passivate the 

surface of TiO2 with improved stability [225]. Some even totally replaced TiO2 with 

Al2O3 mesoporous scaffold [226] with stable performance over 1000h continuous 

exposure under full spectrum simulated sunlight.  
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Fig. 49 Degradation scheme of CH3NH3PbI3 perovskite solar cells during light exposure test: (a) 
TiO2/CH3NH3PbI3 and (b) TiO2/Sb2S3/CH3NH3PbI3. Reprinted with permission from ref. [223] 

 

As TiO2 absorbs only UV light, down-conversion of UV light into visible light avoids 

this photocatalytic degradation [227]. Coating a YVO4:Eu3+ nano-phosphor layer on 

the back side of FTO glass to face the incoming light effectively absorbs UV light and 

convert into visible light that, in turn, is absorbed by perovskite behind. This not 

only solves the UV stability problem, but also improves the photocurrent density by 

~8.5%. 

 

4.2.4 Effect of device structure  

Aside from the environmental influences (heat, moisture, oxygen and light) 

discussed above, device structures also affect stability of the cells. As discussed in 

section 3.2, perovskite is ambipolar semiconductor, both electron and hole 

conducting layers are placed on both sides of perovskite layer to efficiently collect 

charges. Based on good band alignment with perovskite, nitrogen-containing donors, 

such as 2,20,7,70-tetrakis-(N,N-di-pmethoxyphenylamine)-9,90-spiro-bifluorene 

(spiro-OMeTAD, hereafter as spiro), is commonly used as hole transporting 

materials (HTM) for perovskite. However, besides the high price, spiro suffers from 
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low hole mobility and conductivity because the sp3 hybridization of the nitrogen 

atom, the inherent triangular pyramid configuration lead to large intermolecular 

distances (c.f. Fig. 50) , therefore p-type dopants (or additives), such as Li-TFSI (Li-

bis(trifluoromethanesulfonyl) imide)),  are used to improve the conductivity.  4-tert-

butylpyridine (TBP) is also commonly added into HTM to suppress the 

photogenerated electron recombination from TiO2 to electrolyte and reduces energy 

loss in DSSC [228]. It also helps to increase the polarity of HTM, as thus improving 

the contact between perovskite and HTM. The devices with TBP normally get higher 

open circuit voltage. These additives, as well as acetonitrile (a solvent used for Li-

TFSI), will degrade the perovskite layer. For example, TBP tends to react with PbI2, 

forming [PbI2·TBP] complexes, leads to decomposition of perovskite [229].  To solve 

this problem, montmorillonite (MMT) was used forming a buffer layer to protect 

perovskite from contact with HTM to improve the stability of cell [229]. As a 

replacement of Li-TFSI, a dual functional ionic liquid N-butyl-N0-(4-pyridylheptyl) 

imidazolium bis(trifluoromethane) sulfonamide (BuPyIm-TFSI) is introduced to 

improve the conductivity of HTM and also suppress the recombination [230]. 

To get rid of the additives all together, researches into totally replacing spiro as hole 

transporting materials are reported. Ionic liquid N-butyl-N0-(4-pyridylheptyl) 

imidazolium bis(triuoromethane) sulfonamide (TTF-1, Fig. 50) [231]has been used 

as a replacement for spiro because this small molecule with planar configurations 

exhibits strong intermolecular π– π stacking. The device made from TTF-1 gave an 

efficiency of 11%, less than the 11.4% from spiro, but two times more stable in air. 

Due to the relatively higher HOMO level of TTF-1 (-5.0 eV) compared to spiro (-5.4 

eV), the open circuit voltage of device from TTF-1 dropped. Other materials to 

replace spiro, such as Polythiophene [232],  silolothiophene-linked triphenylamines 

[233], are also reported. 

 
 

Fig. 50 Molecular structures of spiro-OMeTAD and TTF-1. Reprinted with permission from ref. [231] 
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As inorganic materials are much more stable against moisture, oxygen and light 

(because of strong covalent or ionic bond), searches are started for brand new 

inorganic hole transporting materials such as  WO3 [234], NiOx, [235] or  carbon 

nanotube/polymer composites [236] etc. The stability of device dramatically 

improved, however, the band position of inorganic is difficult to adjust compared to 

organic molecule. Since inorganic layers normally need high temperature sintering, 

researchers are trying to find low temperature solution process to fabricate these 

layers.  

As use of hole transporting materials causes so much problem, what happens if not 

using it at all? Fig. 51 illustrates a HTM-free structure where perovskite was drop-

casted from a solution of PbI2, MAI and 5-ammoniumvaleric acid (5-AVA) iodide 

through the top porous carbon film. The device achieved a certified power 

conversion efficiency of 12.8% and was stable for >1000h in ambient air under full 

sunlight [113]. 

   

 

Fig. 51 (a) Schematic drawing showing the cross section of the triple-layer perovskite–based fully 

printable mesoscopic solar cell, (b) Energy band diagram of the triple-layer device [113] 

 

4.3 Device Encapsulation 

Encapsulation of the whole device with hydrophobic coating has been widely used 

in commercial solar cells, such as silicon, CIGS, OPV, DSSC, and so on, to improve the 

stability.  
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Adopted from the advanced encapsulation technique for the organic light emitting 

diode technology, in which one desiccant from Dynic is placed between cells and the 

cover glass to absorb moisture leaking into the device during sealing and 

measurement [237]. The cover glass was then sealed through a UV-curable epoxy 

resin.  All sealed cell showed degradation after exposure to 55°C, 80% relative 

humidity and one sun illumination, although the advanced sealing method improved 

the stability (Fig. 52). Therefore effective encapsulation methods are urgent.  

 
Fig. 52 Comparison of the stability of devices sealed without (method A) or with (method B) 

additional desiccant tested under environmental temperature of 55°C (cell real temperature of 85°C), 

80% relative humidity and one sun illumination. Reprinted with permission from ref. [237] 

 

5. Summary  

 

To summarize, current key obstacles in the four major cell categories are as follows:  

1. The most outstanding problem hindering polycrystalline inorganic 

Cu(In,Ga)(S,Se)2 solar cells’ large scale application is the high cost vacuum 

process and the expensive materials.  Low cost solution processes are being 

studied to rid the need of vacuum, with limited success. Use of cheap Zn and Sn 

in place of expensive Ga and In to form Cu2ZnSn(S,Se)4  is promising if the 

composition sensitivity can be pacified for better manufacturing controllability, 

and the occurrence of deep defects be suppressed. 

 

2. The existence of large amount of dangling bonds in hydrogenated amorphous 

silicon limits the diffusion length of the charge carriers thus the charge collection 

efficiency. One way out may be the formation of a structure in which nanosized 

crystalline silicon domains are imbedded in amorphous silicon matrix. 
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3. The key problems in organic photovoltaics are the low charge carrier mobility 

and high exciton binding energy. Single crystalline organic domain can expect to 

enhance the charge carrier mobility. Organic absorbers that delocalize the 

distribution of electron and holes could also help. The high exciton binding 

energy problem is associated with dielectric constant thus can be reduced 

through introduction of inorganic element(s) into the organics. 

 

4. The most notorious problem hindering application of organic-inorganic halide 

perovskite solar cells is the environmental stability especially with respect to 

moisture, heat and light. Composition design to introduce inorganic element at 

A-site of perovskite is expected to improve stability at high temperature. 

Multi/mixed dimensional (2D or 3D or the mix) structure may be able to 

appease sensitivity against moisture. For perovskite solar cells to be 

commercially viable, intrinsic reliability (solving of the hysteresis problem) and 

environmental stability (heat, moisture, light, etc.) are of top importance and 

priority in further research. 

In terms of strategies in achieving high efficiency the following aspects worth 

mentioning:  

In light harvesting, energy bandgap can be adjusted through composition 

modification with elements of different electronegativity and crystal structure 

alternation with different size unit cell. A higher structural dimension (1D, 2D or 3D) 

narrows the bandgap thus favors light harvesting process. Better light harvesting 

can also be achieved through tandem structure, multiple-exciton generation using 

quantum dot effect and up or down conversion to combine low energy photons to 

excite higher energy photoelectron or split high energy photon into multiple lower 

energy photons.  

Charge dissociation or separation is easily achieved through a p-n junction in 

inorganic solar cells. In organics, however, heterojunctions have to be used to 

separate the electron and hole pairs in the exciton. In amorphous silicon the bipolar 

conductivity enables separation of holes and electrons with a p-i-n junction. 

Ferroelectric domain and built-in electric field were proposed as charge dissociation 

mechanisms for organic-inorganic perovskite. However, these hypotheses are still 

challenged. The reported open-circuit voltages with different contact materials 

suggested that the charge selection materials as well as the perovskite itself 

contribute to the charge dissociation.   
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The most important parameters determining the charge carrier transport are 

mobility and diffusion length, which in turn, are affected by effective mass, mean 

scattering time and life time of the charge carriers.  Composition and band structure 

design enable reduction of effective mass thus increasing mobility.  Bigger grain size 

or less grain boundary area reduces scattering thus lengthens the charge carrier life 

time. 

Processing parametric study is another important aspect in achieving high efficiency 

as surface non-continuity, pin-hole and various defects all serve as channels for 

current leakage or charge scattering centers that adversely affect charge carrier life 

and diffusion length.  
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