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Introduction
The desire to surpass the efficiency of silicon in converting photon energy to electricity and other useful chemicals has been pushing the scientists to find alternate materials not only to replace silicon (due to cost considerations and easy processing method ) but also make the process of manufacturing these new materials in an easier way as compared to single crystal silicon. In this exercise, lasting for more than 5-6 decades, a new material has emerged in 2009, since then there is sudden raise in efficiency of perovskite based solar cell from 3.8% to 20.1%, which has stunned the photovoltaic community.   This situation warrants attention not only from the point of view of increased efficiency but also the enormous possibility of a number of new systems emerging due to the fact that a number of possibilities exist in the variation of composition in ABX3 perovskite structures. In this short write-up it is our intention to examine briefly the reasons for this excitement in this area.
Research on solar cell possibly started in 1839 with Alexandre Edmond Bacquerel.   In 1873 photoconductivity was discovered in selenium by Willoughby Smith an English Engineer.   First solar cell was made by American Inventor Charles Fritts based on selenium. In 1940, Bell laboratories started research on semiconductor based solar cells and patented a cell with 1% efficiency.  In 1954 Bell laboratory demonstrated the first practical silicon based solar cells.
In the same way, the brief history on organic inorganic perovskites traces back to 1893 H L Wells first synthesized alkali metal tin or lead halides. In 1958 the crystal structure of perovskite  caesium lead halide was determined by Christian Moeller. In 1978, Dieter Weber replaced methyl ammonium ion in the caesium lead halide to form a class of compounds called organic inorganic perovskites.   The optical and other properties of these new generation compounds have been examined since the last two decades and their application in solar cells started in 2009. The growth in solar cell efficiency is pictorially shown in Fig.1.
The scope of generating newer materials for solar cell application among this one class of organic inorganic perovskites appears to be great. This is demonstrated recently by Gregor Kieslich et al., [1]. They have used an old concept of ionic tolerance factor (known as Goldschmidt’s tolerance factor) and applied to the permutations of 14 different protonated amines 8 different anionic species and 21 divalent metal ions generated 2352 Tolerance Factors (TF) out of these 742 had tolerance factor values in the range 0.8 to 1(the limits of perovkite structure) out of which 140 are known materials and the remaining 562 are organic anion based.   This study with limited number of organic cations shows that there is scope of finding suitable materials for solar cell application in this class perovskites.   Already perovskites has shown wonders in material science one such example is the high temperature superconducting materials based on Yettrium barium copper oxide (YBaCuO7-δ). This limited discussion on the possibility of generating many unknown materials with perovskite structure speaks volumes on the feasibility of generating solar cell materials with requisite efficiency in the near future. 
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             Fig.1.  The time line of the Growth solar cell efficiency of organic inorganic solar cells from 2009 till date. The numbers denote the efficiency reached at that material.
Structure and Properties of HOIPs
Table 1 Transport characteristics of HOIPs and their comparison with those characteristics of other semiconductors [reproduced from ref 2]
	Material
	Diffusion length (μm)
	Carrier life time (μs)
	Mobility (cm2V-1s-1)
	Effective mass (m0)
	Trap density (cm-3)

	CH3NH3PbI3
Poly crystalline film
	0.1-1
	0.01-1
	1-10
	0.10-0.15
	1015-1016

	CH3NH3PbI3 single crystal
	2-8
	0.5-1
	24-105
	-
	(1-3)X1016

	Ch3NH3PbBr3
Polycrystalline
	0.3-1
	0.05-0.16
	30
	0.13
	-

	CH3NH3PbBr3
Single crystal
	3-17
	0.3-1
	24-115
	-
	(0.3-6) x 1010

	Silicon     e-
             h+
	1.000
600
	~1.000
	1,450
500
	0.10
0.16
	105-1015

	GaAs        e-
                  h+
	7
1.6
	~0.01-1
	8,000
400
	0.063
0.076
	-



HOIPs are softer mechanically as compared to other efficient solar cell materials.   What does this imply? HOIPs are susceptible for many facile phase transitions (in this sense these are dynamic materials) inducing migration of intrinsic and extrinsic ionic species.   These fluctuations and long range ionic motion have strong impact on charge transport and optical properties.
Even though many applications and property anomalies may be discovered if not already identified, these will not be considered in this short write-up.   The focus will be on the solar cell application and how the knowledge gained in this class of materials will hasten the search for solar cell application.
In the synthesis of HOIP, the pioneering work was done by Schmidt [3].They synthesized HOIP by injecting methyl ammonium bromide and PbBr2 solutions into a preheated reaction medium oleic acid and octyl ammonium bromide dissolved in octadecene.   The particles are precipitated by adding acetone.   Zhang et al [4] have developed a ligand assisted re-precipitation approach for preparing methylammonium lead halide nano particles.   The synthesis procedure involves stepwise injection of a solution of the precursors in DMF and precipitation in toluene.
Vapour assisted solution process consists of crystallization of metal halide coated substate which is pin coated beforehand into a methyl ammonium iodide vapour filled environment. This synthesis procedure was adopted to get a material which originally gave an efficiency of 12.1% [5]. Though in the initial stages of the precipitation of the precursors, the perovskite framework is formed, its growth and the conditions under which various architectures are evolved and the role of impurities in the formation of nucleus and growth are not well documented in literature [6]. Even though solution phase low temperature methods are applicable for preparation of these optoelectronic materials, their stability and optical properties for a number of uses are still to be improved and it is hoped that considerable progress in these directions will take place in the near future.
Perovskite structure is usually adopted by ABO3 type of oxide materials. Hybrid organic inorganic perovskites with the composition ABX3 where A and B are monovalent and divalent cations and X3 is a halide ion (I-, Br-,Cl-) and A cation is an organic component.   These substances can be synthesized in all dimensional (0,1, 2, 3) materials and hence find use in various applications and devices.
Ideal perovskite structure is cubic in nature with pm3m space group with 12-fold coordination of the A cation6-fold coordination of B cations and corner residing BX6 ocathedra.   This crystal structure will be described in solid state chemistry text books.   Deviations from cubic symmetry can arise due to size effects. To recognize this effect Goldschmidt [8] developed a tolereance factor in terms of the radii of the ions given by t = (RA + RX)/ [√2(RB + RX)] where RA, RB, RX are the values of radii of the ions constituting the perovskite lattice. Cubic structure is adopted for halide perovskites if it satisfies the relation 0.85<t<1.11.

                               [image: http://www.sciencedirect.com/cache/MiamiImageURL/1-s2.0-S1748013215000560-gr1_lrg.jpg/0?wchp=dGLzVBA-zSkWW&pii=S1748013215000560]
Fig.2. Orientational disorder associated with the non-spherically symmetric Organic methylammonium [(CH3NH3)+] cation as compared to the spherically symmetric inorganic cesium cation [reproduced from [7]].
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Fig.3. Calculated octahedral (RB/RX) and tolerance factors for various combinations of commonly employed hybrid perovskites.
Another parameter called octahedral factor (μ) defined by (RB/RX)  should  have a value >0.442 if the system were to crystallize in cubic perovskite structure. Cubic perovskite structure can undergo phase transition to tetragonal to orthorhombic reduction. For solar cell operation these phase transitions that take place as a result of changes in temperature or pressure are important. Normally A site cation has no direct or little contribution to the electronic property of the resulting system. But if the size of the A caion is large then distortion takes place which can affect the electronic property as long as the 3D symmetry is maintained.
Table 2 Structural phase transitions for commonly employed hybrid perovskites [data collected from Ref 7]
	Composition
	Phase
	Temp. (K)
	Structure
	Space group
	Band gap (eV)
	Volume (Å3)

	MAPbI3
	α
β
γ
	400
293
162-172
	Tetragonal
Tetragonal
Orthorhombic
	P4mm
14cm
Pna21
	`1,51-1.55
	251.6
990
959.6

	MAPbCl3
	α
β
γ
	178.8
172.9-178.8
<172.9
	Cubic
Tetragonal
Orthorhombic
	Pm3m
P4/mmm
P2221
	
	182.2
180.1
375

	MAPbBr3
	α
β
γ
δ
	>236.9
155.1-236.9
149.5-155.1
<144.5
	Cubic
Tetragonal
Tetragonal
Orthorhombic
	Pm3m
14/mcm
P4/mmm
Pna21
	
	206.3
819.4

811.1

	MASnI3
	α
β
	293
200
	Tetragonal
Tetragonal
	P4mm
14cm
	
	241.9
952.3

	FAPbI3
	α
β
	293
150
	Trigonal
Trigonal
	P3m1
P3
	1.43-1.48
	768.9
2988.4

	FASnI3
	α
β
	340
180
	Orthorhombic
Orthorhombic
	Amm2
1mm2
	
	507.03
1959.2



Density Function Theory (DFT) calculations have shown that close to equilibrium many different structures are locally stable and differ in energy by only a few meV/formula-unit. This is more so when the A site is occupied by non-spherically symmetric organic cation.   The Pb 6s orbitals and iodine 5p electrons constitute the valence band.   The A site organic cation being non-spherical  in nature can occupy the octahedral site and bond with the structurally rigid BX6 octahedra by weak van der Waals forces and hydrogen bonding.[9]   This means that HOIPs can easily adopt changes to their equilibrium bond distances with large conformational freedom compared to their oxide counter parts.   The rotational freedom of the A cation and distortions available for the octahedra may account for the local phase differences and hence HOIPs may be considered as a composite material consisting of different coexisting phases simultaneously. Possibly in HOIPs the polarons are formed by interaction between electrons and lattice vibrational modes that are associated with orientationally distorted organic cations [10].These polarons may be effective for screening charge carrier from scattering by vibrational lattice modes. However further studies alone can clear the electronic structure and transport dynamics of these unusual polarons.[10].  To understand charge-transport and light-absorption properties of normal semiconducting materials, one invokes a lattice of ions displaced from their static positions only by harmonic vibrations. However, recent studies suggest that this picture is not sufficient for HOIPs, where a variety of structurally dynamic effects, beyond small harmonic vibrations, arises already at around room temperature [9].
Before discussing the various properties of HOIPs, it is better to state the current status of these materials from the point of view of the practicing scientists.  The summary which evolved from the MRS symposium on perovskite solar cells held at Boston, USA during November 27 to December, 2,2016 [12] points out the need for cross checks of the samples, results and the techniques of the different laboratories.   These authors even advocate tandem cells with HOIP and Si may provide higher efficiency than Silicon based solar cells. Before discussing the properties of HOIPs, it is better to understand the growth of HOIPs in the last decade or so.   This is pictorially shown in Fig 4a and this figure includes the perfect structure adopted by ABX3 type species. The so called geometrical arrangement and also the possible distortions in this structure have been stated earlier.
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Fig.4.   (a)PEC record plot of perovskite solar cells.  (b) Crystal structure of ABX3 where A is methyl ammonium B is Pb(II) and X is Cl, Br or I ions or mixed halides [reproduced from ref.11].
Various strategies like precipitation temperature, the order of reaction of lead halide nanoparticle with organic cations, use of additional agents together with their contents, like octylamine to form 2d Platelet, use of different contents of mixed halides to form nano rods have all been advocated and practiced which have yielded varying band gap engineering and shape and size control[13].
HOIPs show strong optical absorption, an adjustable band gap, long diffusion lengths, ambipolar charge transport, high carrier mobility and high tolerance of defects.   However not all properties of these materials are not fully understood [14].  The optical band gap energy of HOIPs can be tuned nearly in the range 700 nm to 1300 nm and also the optical absorption increases exponentially for more than four order of magnitude in the below band gap region, with no presence of optically detected deep states.   The absence of sub-band absorption ( <1.5 eV) makes them suitable for Tandem devices.   Energy band alignments of commonly employed hybrid perovskite materials are presented Fig.5. 
[image: ]
Fig.5. Absorption spectra for MAPb1−xSnxI3 perovskites (left) and energy band diagram of common hybrid perovskite materials (right).
Carrier diffusion lengths in these materials exceed 1 μm. It has been reported that holes are efficiently extracted than the electrons in most of HOIPs. The electronic structure are only slightly altered from going from all inorganic perovskites to hybrid ones.  The contributions of orbitals to the valence band maximum and conduction band minimum are pictorially shown in Fig6.

[image: ]
Fig.6. Representation of the orbital arrangements for typical HOIP MAPbI3 (a) VBM, showing Pb-s and I-p orbital overlap, and (b) CBM, showing Pb-p orbitals.
Studies relating to thermal considerations for hybrid perovskites are limited. The reported low values of thermal conductivities (0.5 Wm−1 K−1) for single and polycrystalline hybrid perovskites, demonstrate that heat transport is attributed to phonon interaction and rotational degrees of freedom of the methylammonium cations. For more detailed discussion on properties of HOIPs refer to the original literature [14]. HOIPs appear to be highly dynamic materials in which structural fluctuations and long-range ionic motion have an unusually strong impact on charge transport and optical properties. 
The Interface of semiconductor/solution interface – some Considerations
The interface of the semiconductor/solution interface has to be understood more explicitly in order to make more efficient systems for photo-catalytic decomposition of water. The aspects which have to considered are: (1) when the semiconductor is excited by photons the catalyst functions in a potential energy diagram different from that of a simple catalyst system.   This situation is pictorially shown in Fig.7.
[image: ]
Fig 7. Reaction path ways followed [A] in a thermal reaction (R-P) catalyzed by C via intermediate I’; [B] in a photo catalyzed reaction (the catalyst C is active only in the excited state, but the chemical transformation of R occurs entirely on the ground state surface [Reproduced from literature].
This means the energy states of the electrons in the semiconductor is altered and hence the Fermi level and the wave functions of the occupied electrons are effectively altered and hence the reduction reaction may become facile or otherwise and this aspect has to be taken into account. Secondly, when the semiconductor particle is placed in a solution (substrate water) then the electric field penetrates insider the semi-conductor not like metal/solution interface where the field penetration is only skin depth, the charge transfer dynamics gets altered considerably. This effect has to be taken into account in accounting for the charge transfer at the interface. 
So far the dynamics of semiconductor/solution interface has been treated in terms of the position of the Valence band maximum (VBM) and conduction band minimum (CBM) whose positions are considered as estimated from a consideration of semiconductor/vacuum interface while in actual situation, the positions of VBM and CBM gets altered due to excitation in the semiconductor.   In effect instead of considering the static energy states one has to resort to the dynamic condition to the energy states of the wave functions from where the charge transfer takes place to carry out the reduction and oxidation reactions.
Similarly when coupling two or more semiconductors, the energy positions (VBM and CBM)  are considered as those of the individual semiconductors and the charge transfer dynamics is discussed from the static levels of the individual semiconductors.  This situation is possible only when the interface is distinct and the mutual solubility of semiconductors into each other under the experimental conditions employed is absolutely nil which may not be true.
In essence, it appears that charge carrier diffusion length in the semiconductor particle is a parameter which essentially controls the charge transfer rate in relation to recombination rate. This will decide how effectively the photon flux and the excitons generated are utilized in the reduction/oxidation reaction in relation to recombination of exciton.   
In a subsequent presentation we shall discuss these aspects and bring out a model for charge transfer across semiconductor/solution interface under photo-catalytic or Photo-electrochemical decomposition of water.
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