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Chapter 2: Literature Survey 

 

2.1 Introduction 

 

In this chapter we have covered the background literature regarding the origin of the organic 

inorganic hybrid perovskite structure, the concept of dimensional reduction, and its impact on 

the electronic properties of the material. A description of the two mechanisms that may be 

employed conceptually to create low dimensional systems namely, the traditional method 

developed from cutting various slices from the 3D perovskite motif, and the various inorganic 

ƳƻǘƛŦ ǘȅǇŜǎ ǘƘŀǘ Ŏŀƴ ŀǊƛǎŜ ǘƘǊƻǳƎƘ ŀƭǘŜǊƛƴƎ Lκa ǊŀǘƛƻΩǎΣ ƻǊƎŀƴƛŎ ǿŜŀƪ ƛƴǘŜǊŀŎǘƛƻƴ ŜŦŦŜŎǘǎΣ ŀƴŘ 

solvent effects will be discussed. In later sections more attention has been focussed on the 

excitonic behaviour in the 2D and 1D systems with discussions of the phase transitions that may 

arise through temperature fluctuations, as this forms the basis for the results discussed in 

chapters 4 and 5. Only a brief discussion on the literature on nonlinear optics of hybrid materials 

is presented, ŀǎ ǘƘƛǎ ǘƻǇƛŎΩǎ ōŀŎƪƎǊƻǳƴŘ ƛǎ ŘŜǾŜƭƻǇŜŘ ƳƻǊŜ ǘƘƻǊƻǳƎƘƭȅ ƛƴ ŎƘŀǇǘŜǊ сΦ [ŀǎǘƭȅΣ ŀ ōǊƛŜŦ 

summary of electroluminescent devices developed from hybrid organic inorganic systems 

concludes this chapter, allowing us to see the applicability of the research for further device 

development.          

 

2.2 3D organic inorganic hybrid perovskites 

 

 

Figure 2.1: The perovskite structure (CaTiO3) which holds the general formula ABO3, however for the Organic 

inorganic hybrid perovskites the formula is changed to AMX3 where A is the organic cation, M the metal, and X is any 

halogen.  
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The three dimensional organic inorganic halide hybrids are based on the traditional perovskite 

structure with the general formula ABO3 as seen in figure 2.1. The 3D hybrids adopt the same 

structure type but with the new general formula AMX3 where A is any monovalent cation, 

generally Li, Na, K, Rb, Cs, or may be replaced by an organic ammonium cation of suitable size, M 

is any M(II) metal and X = F, Cl, Br, or I. Many types of cations (A) may be incorporated into the 

void that is formed in the centre of the perovskite structure. However the cation must fall within 

the tolerance factor (t) in order to maintain the 3 dimensional perovskite structure type. To 

generate an ideal cubic perovskite crystal structure the tolerance factor must be t = 1. In order 

to accommodate larger cations the tolerance factor generally falls within the range πȢψ ὸ

πȢω, with octahedral distortions occurring in order to accommodate the increase in cationic radii. 

This means that 3D perovskite structures that fall within this tolerance range adopt lower crystal 

symmetry to accommodate the distortions experienced in the structure (Mitzi, 1999).  

 

The question then arises, how large can the cation A be, and still maintain the 3D perovskite 

structure type? A simple equation may be constructed in order to describe the atomic radii and 

all the constraints necessary to maintain the 3D structure type. To describe this equation let us 

consider the perfect cubic perovskite structure where t = 1, and we assume all the atoms are 

rigid spheres. The equation will then hold provided that each atom A, B and XΩǎ atomic radii are 

in contact, then Ὑ  Ὑ   ὸЍςὙ  Ὑ . The use of this equation is illustrated when 

considering the largest atomic radii case of the 3D organic inorganic hybrid perovskite with the 

formula (A)PbI3. To maintain cubic symmetry, the value of Ὑ  may not be larger than ςȢφB. In the 

organic inorganic systems the single bond length of C-N which is ρȢτυB, should be the first 

constraint taken into consideration when choosing an organic ammonium cation. The cationic 

void parameter does severely limit our choice of organic cation suitable to template the 3D 

structure. Nevertheless a suitable candidate is readily found with the first obvious organic 

ammonium cation being methyl ammonium (CH3NH3)
+. This cation is predominantly found in 

most metal (II) halide 3D organic inorganic hybrids. Another suitable, marginally larger cation 

has been found to be the formadimium (NH2CH=NH2) cation which was successfully 

incorporated into the (NH2CH=NH2)SnI3 3D system (Mitzi D. B and Liang K, 1997). The unit cell 

parameters have been reported to be ρȢςϷ larger than that of its methyl ammonium 

counterpart. In terms of further property discussions purposes we will limit ourselves to the 

(CH3NH3)PbX3 systems where X = Cl, Br, and I, as the 3D (A)SnI3 case will be dealt with in the 

section on electrical transport.  
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As crystalline distortions or phase changes often occur as a result of the materials sensitivity to 

temperature. This sensitivity more often than not results in the altering of the 

physical/electronic properties of that material. Phase changes, specifically in the perovskite 

cases, may result in an increase or decrease of the crystallographic symmetry. This may cause a 

simple loss or gain of some form of crystallographic related physical properties, such as, non 

linear optics (SHG specifically) and piezoelectricity (non centrosymmetric crystals only), 

pyroelectricity, enantiomorphism and simple optical activity (Klapper H, Hann Th, 2002; Nye J, 

1957). In other words a simple change in electronic dipole moment may result in a loss or gain of 

a very useful property as a result of the phase change. A reversible phase change in itself may be 

very useful as a temperature sensitive property on/off switch for crystallographic related 

properties. However if it is not desirable for the material to undergo a phase change, it is still 

then very useful to know the temperature stability range of that material for operational 

purposes. It should be noted that a phase change occurring at either high or low temperature, 

which falls outside the functional range of that material, should not deem the material unfit for 

practical use. 

  

Moreover, phase changes may also result as a distortion of the metal centres site symmetry (as 

in the case for inorganic complexes). This generally has some effect on the electronic properties 

of the material itself, i.e., either red or blue shifting the optical absorption spectrum, Jahn teller 

distortions (well known in perovskites), drastically altering the magnetic properties (Meissner 

effect), superconductivity, and the Peierls transition (Kittel C, 1996). This also highlights the 

importance of knowing the thermal properties of any material under investigation.  

 

When considering the structures of the 3D organic inorganic hybrids, one may routinely think 

that these systems would be stable as a cubic crystal system. This is not the case as there are 

three phases present for each of the halogenated (CH3NH3)PbX3 crystals, as reported by (Knop O, 

et al, 1990). Table 1 summarizes the temperature dependant phases and their stability ranges 

present for all three of the lead halogenated hybrids reported i.e. the Cl, Br, and I systems. Since 

the methyl ammonium cation does not obey the ὕ  site symmetry needed to maintain cubic 

symmetry, only the high temperature phases are cubic, as the methyl ammonium cation 

becomes isotropically disordered within the cationic void. Both NMR and nuclear quadrupole 

resonance (NQR) spectroscopies have confirmed this for all the (CH3NH3)PbX3 cubic phases 

(Knop O, et al, 1990).  
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Table 2.1: Crystal structure data for the Cubic (CH3NH3)PbX3 where X = Cl, Br, and I. 

X Temperature 

(K) 

Crystal 

System 

Space 

Group 

a (Å) b (Å) c (Å) Z 

Cl > 178.8 Cubic Pm3m 5.675   1 

 172.9-178.8 Tetragonal P4/mmm 5.656  5.63 1 

 <172.9 Orthorhombic P2221 5.673 5.628 11.182 2 

Br >236.9 Cubic Pm3m 5.901(1)   1 

 155.1-236.9 Tetragonal I4/mcm 8.322(2)  11.832(7) 4 

 149.5-155.1 Tetragonal P4/mmm 5.894(2)  5.861(2) 1 

 <144.5 Orthorhombic Pna21 7.979(1) 8.580(2) 11.849(2) 4 

I >327.4 Cubic Pm3m 6.3285(4)   1 

 162.2-327.4 Tetragonal I4/mcm 8.855(6)  12.659(8) 4 

 <162.2 Orthorhombic Pna21 8.861(2) 8.581(2) 12.620(3) 4 

  

 

It should also be noted that, upon cooling the three different 3D hybrids, the methyl ammonium 

cations disorder undergo a dynamic disorder cooling effect, which results in structural phase 

changes. Upon cooling, the methyl ammonium cation becomes restricted, as the dynamical 

disorder is frozen out, and the ὕ  site symmetry may no longer be maintained. Therefore the 

overall crystal symmetry is lowered from cubic to tetragonal. Further cooling results in greater 

restrictions on the methyl ammonium cations disorder. The final phase change from tetragonal 

to orthorhombic, is a result of the rotation restrictions now imposed on the C-N axis, as the 

cation becomes completely άsolidifiedέ.  

 

2.2.1 Optical properties of 3D organic-inorganic hybrid perovskites  

 

As the (A)PbX3 structures behave as semiconductors, the optical absorption spectra of the 3D 

systems are reported here as a comparison of firstly, the effect of halogen substitution on the 

band gap, and secondly, to serve as a reference for comparison with the lower dimensional 

organic inorganic hybrids (2D, 1D and 0D). As the 3D systems are not expected to have any 

quantum confinement effects, which results in observable excitonic effects at room 

temperature, the absorption spectra are reported at low temperature in order to thoroughly 

observe the exciton peak. The band gap of (CH3NH3)PbI3 was obtained from the low temperature 

reflectance spectrum which was transformed through the Kramers Kroning relationship to 

obtain the absorption spectrum (Hirasawa M, et al, 1994). The absorption spectrum, as seen in 

figure 2.2, shows a very sharp 1s exciton absorption peak (I) at ρȢφσσὩὠ. The binding energy of 
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the exciton was estimated to be υπάὩὠ, with an effective Bohr radius of ςςB and a reduced 

mass of πȢρυά .  

 

 

Figure 2.2: The low temperature absorption spectra both obtained from the reflectance and Kramers-Kroning 

relationship.  a) Displays the υὑ absorption spectrum of (CH3NH3)PbBr3 obtained from (Tanaka K, et al, 2003) b) 

Displays the τȢςὑ absorption spectrum of (CH3NH3)PbI3 obtained from (Hirasawa M, et al, 1994).  

 

 

More recently the absorption spectrum for (CH3NH3)PbBr3 was obtained by (Tanaka K, et al, 

2003) via the same method, where the sharp 1s exciton absorption band was observed at 

ςȢςυψὩὠ which is strongly blue shifted by comparison with its lead iodide analogue. The binding 

energy of the exciton is estimated at χφάὩὠ, with an effective exiton Bohr radius of ςπB and a 

reduced mass of πȢρσά . The values quoted for (CH3NH3)PbI3 are the corrected values obtained 

from (Tanaka K, et al, 2003), as they believed the samples from (Hirasawa M, et al, 1994) were ill 

prepared when obtaining the magneto absorption spectra to determine the binding energy, 

effective Bohr radius, and the reduced mass. However more importantly, is the observed blue 

shift of the absorption spectrum with a substitution of the halogen from I to Br. This is also 

observed in the 2D and 1D cases, and will be discussed in greater detail in later sections.   
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2.2.2 Comparison of 3D and 2D electronic states  

 

Here we report the electronic structure of (CH3NH3)PbI3 and (C4H9NH3)2PbI4 as carried out by 

(Umebayashi T, et al, 2003) and co-workers to further explore the effect of dimensional 

reduction on the electronic strǳŎǘǳǊŜΣ ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƻƴƛŎ ƻǊōƛǘŀƭΩǎ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ 

the valence and conduction bands. Both ultraviolet photoelectron spectroscopy (UPS) and 

ŎŀƭŎǳƭŀǘƛƻƴ ό5C¢ύ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǘƻ ǎǳǇǇƻǊǘ ƻƴŜ ŀƴƻǘƘŜǊΩǎ ŦƛƴŘƛƴƎǎΦ ¢ƘŜ ¦t{ 

spectra dispƭŀȅΩǎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǾŀƭŜƴŎŜ ōŀƴŘ ƻŦ ōƻǘƘ ǘƘŜ о5 ŀƴŘ н5 ƘȅōǊƛŘǎ ƛƴ (figure 2.3). 

The first notable feature in the comparison of the spectra is that the 2D valence state has a 

narrower band width than that of the 3D state. Furthermore the calculated DOS displays 

broader peaks for the 3D with sharper and more localized peaks for the 2D hybrid. The 

experimental UPS and calculated density of states (DOS) both confirm that the dimensional 

reduction sharpens the density of states of the valence band. This feature is characteristic of the 

dimensional reduction process for semiconductors. Furthermore the narrower valence bands 

leads to an increase in the band gap, another expected feature of dimensional reduction. In 

addition, the basis for the localization of the electronic states in the 2D hybrid is purely because 

of the confinement of the DOS in the c axis (assuming the layers form in the ab plane). This is 

further evidenced through the analysis of the band structure of both systems.  

 

 

Figure 2.3: The UPS spectra and the calculated density of states, of a) The 3D Hybrid perovskite (CH3NH3)PbI3, and b) 

the 2D hybrid perovskite  (C4H9NH3)2PbI4 (Umebayashi T, et al, 2003). 
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Figure 2.4: a) The inorganic sets only of the 3D structure of (CH3NH3)PbI3 and b) the 2D structure of (C4H9NH3)2PbI4 

(Umebayashi T, et al, 2003). 

 

Figure 2.5: The results of the band structure calculations of a) (CH3NH3)PbI3 and b) (C4H9NH3)2PbI4. The critical points 

in the first Brillouin zone of c) the cubic phase crystal structure of (CH3NH3)PbI3 , d) the orthorhombic phase of 

(C4H9NH3)2PbI4 (Umebayashi T, et al, 2003). 

 

The structures of (CH3NH3)PbI3 and (C4H9NH3)2PbI4 may be seen in figure 2.4 above. The 

calculated band structures of both the 3D and 2D hybrids may be seen in figure 2.5 a) and b) 

with the critical points in Ὧ-space, for the generation of the band structure in the first Brillouin 

zone seen in figure 2.5 c) and d). From the band structure plots the first important aspect to 

scrutinize is the fact that the band dispersions in the vertical directions for the 2D crystal are 
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close to zero i.e. ɜ ὤȠὛ Ὑ. The narrower 2D UPS spectra and the localization seen in the 

2D DOS support this finding. These flat band structure bands, give a further justification for the 

observance of sharper absorption/emission spectra expected for a 2D system, as the momentum 

of the (electron) Ὧ and (hole) Ὧ have a flat band gradient giving rise to less 

absorption/emission broadening. In addition to the higher reduced masses and binding energies 

(σψφάὩὠ for this 2D crystal) observed, the band structure plot also confirms a direct gap 

transition at the critical point Ὑ for the 3D hybrid, and ɜ for the 2D hybrid. Finally the bonding, 

and anti-bonding states that contribute to the electronic structure are the Pb φί and I υὴ -̀

antibonding states which form the top of the valence band, and the Pb φὴ and I υί -̀

antibonding states contribute to the bottom of the conduction band, which was obtained from 

the DOS calculations (Umebayashi T, et al, 2003).  

 

2.3 <100> 2D hybrid perovskites and the relative orientations.  

 

In the 2D layered hybrid perovskites, the hybrid layers may exist in various orientations. By far 

the most common orientation that exists is the <100>. This orientation is principally formed 

from a direct vertical separation of the octahedra of the 3D systems into single octahedral layers 

(figure 2.6). The vertical separation occurs as a result of the use of a larger cation (purely 

inorganic case K2NiF4) or a longer R group as seen in figure 2.6. In organic inorganic hybrid 

perovskites a prerequisite for the formation of the <100> orientation, is the use of either a 

primary amine or primary diamine (R-NH3)/(H3N-R-NH3) which allows the amine cation head to 

be able to hydrogen bond within the voids created between the octahedral layers. This means 

that there should be an extended arm (for example R-CH2CH2NH3) to allow enough space for the 

layers to form. If the R group on the cation does become too bulky, then either 1D chains, or 

some other motif will be generated (as will be discussed in later sections).  
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Figure 2.6: As the R group increases in size the 3D perovskite motif is changed, as the octahedra vertically separate. 

This separation may increase with increasing length of the R group.  

 

In the <100> orientation the inorganic layers may arrange in one of two orientations in the unit 

cell. They may arrange in either an eclipsed orientation, where the layers form directly over one 

another (figure 2.7 a), or the octahedral layers have slipped past one another and the axial 

halide position of the bottom layers octahedra now aligns with the centres of the voids created 

between the octahedral layers above it. This is known as the staggered arrangement (figure 

2.7b). The eclipsed and staggered arrangements are also known as the monoclinic and 

orthorhombic arrangements respectively. Furthermore both arrangements may exist in the 

same hybrid at different temperatures, or phases. The monoclinic (eclipsed) phase is further 

known as the distorted or low symmetry form, and the orthorhombic (staggered) phase is 

known as the regular or high symmetry form (Mitzi D. B 1999). It should also be noted, an 

important parameter when discussing the properties of these compounds is the interlayer 

spacing. The interlayer spacing may be thought of as half the unit cell parameter, ὧ for example 

where the layers form in the ὥὦ plane. The interlayer spacing is really a measure from a plane 

through the metal centres from one layer to a plane through the metal centres of the adjacent 

layer. This by definition is not the true interlayer spacing as the interlayer halogen to halogen 

contacts between the each layer is the true interlayer spacing value. However for single sheet 2D 

systems this is the simplest definition, and we will use it from here on out, unless otherwise 

specified. 
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Figure 2.7: a) Eclipsed arrangement of the <100> layers. b) Staggered arrangement of <100> layers.  

 

 

Figure 2.8: The hydrogen bonding configurations observed in the <100> oriented 2D hybrids. a) The bridging halide 

configuration i.e. two hydrogen bonds to the bridging halides and one hydrogen bond to the terminal halogen. b) The 

terminal halogen configuration, where there is now one bridging halide hydrogen bond, and two terminal halide 

hydrogen bonds.  

 

The <100> orientation has a further convention of how the primary amine may hydrogen bond 

within the structure. The primary amine may hydrogen bond in one of two configurations, i.e. 

the terminal halogen configuration, or the bridging halogen configuration (Mitzi D, B 1999). The 

terminal halogen configuration may be defined as two terminal halogen hydrogen bonds which 

are formed from two of the ƛƴŘƛǾƛŘǳŀƭ ƘȅŘǊƻƎŜƴΩǎ ƻƴ ǘƘŜ ŀƳƳƻƴƛǳƳ ŎŀǘƛƻƴΣ ŀƴŘ ƻƴŜ ōǊƛŘƎƛƴƎ 

halide hydrogen bond to the remaining hydrogen on the ammonium group. The bridging 

halogen configuration may be defined as two hydrogen bonds formed to the two bridging 

halides ŦǊƻƳ ǘǿƻ ƻŦ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ƘȅŘǊƻƎŜƴΩǎΣ and one terminal halide hydrogen bond to the 

remaining individual hydrogen of the ammonium group. There are additional definitions to this 

but will be further discussed in section 2.6  
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2.3.1 Size of the cation and the effect on the dimensionality and topology of <100> hybrids 

 

A study of the effect of how bulky the R group may become, before forming an alternative motif 

from the <100> layers was conducted by (Billing D. G, and Lemmerer A 2007; 2009) for the Lead 

Iodide and Lead Bromide and chloride series respectively. The primary ammonium templates 

used for this study where the primary cyclic ammonium groups, a series from cyclopropyl 

ammonium to cyclooctyl ammonium cations as seen in figure 2.9. What was observed in the 

Lead halogenated series was that the 2D <100> orientation was maintained from the cyclopropyl 

ammonium through to the cyclohexyl ammonium rings. However when the larger rings of the 

cycloheptyl ammonium template was used, different motifs were observed for all of the Lead 

halogen hybrids. For the Lead iodide and bromide cases, 1D double layer corner sharing chains, 

extending along the (100) direction, formed in preference to the <100> 2D layers as seen in 

figure 2.10. The motif however does strongly resemble the <110> type motif rarely observed in 

2D layered systems. It must also be noted that the lead iodide and bromide cycloheptyl 

ammonium hybrids are not isostructural, they only adopt the same packing motif.  

NH2 NH2

NH2
NH2

NH2 NH2

 

 

Figure 2.9: The primary cyclic amine templates used to ascertain at which point the bulkiness of the template forces a 

new templated motif.  

 

The lead chloride cycloheptyl ammonium hybrid produced isolated bilayers, or one may broadly 

ǘƘƛƴƪ ƻŦ ƛǘ ŀǎ άǿŀǾŜ ƭƛƪŜ Ǌƛōōƻƴǎέ ŀǎ ǘƘŜ ŀǳǘƘƻǊǎ ŘŜǎŎǊƛōŜ ƛǘ ό.ƛƭƭƛƴƎ 5Φ DΣ ŀƴŘ [ŜƳƳŜǊŜǊ !Σ нллфύΦ 

These bilayers are not quite 1D or 2D and perhaps may be considered as an intermediate case 

(figure 2.11). However the bilayers of the octahedra are still connected in a regular corner 

sharing motif as seen in <100> 2D hybrids.  
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Figure 2.10: The Lead iodide and Lead bromide series form the same basic motif with the cycloheptyl ammonium 

template. a) The cycloheptyl ammonium cation with lead bromide, produces 1D double layer corner sharing 

octahedral chains. b) The  side view displays the chain motif which resembles the <110> 2D layer motif (Billing D. G, 

and Lemmerer A, 2009). 

 

 

Figure 2.11: The Lead Chloride cycloheptyl ammonium hybrid forming inorganic bilayers in the crystal may be an 

intermediate dimension between 1D and 2D (Billing D. G, and Lemmerer A, 2009).  
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Figure 2.12: When the template ring size increases from cycloheptyl ammonium to the cylclooctyl ammonium cation 

for lead Bromide, a new type of bilayer motif is formed as in the lead chloride cyloheptyl ammonium case. The 

difference between them is observed when studying the bilayer topology. Instead of only corner sharing octahedra as 

seen in the lead chloride case, some of the PbBr6 octahedra only have two corner sharing halides instead of four. This 

motif alternates on the top and bottom edges as seen in the picture above (Billing D. G, and Lemmerer A, 2009).   

 

Figure 2.13: Lead Chloride with the cyclooctyl ammonium cation, which produced 2D layers unlike the smaller 

cycloheptyl ammonium cation, however a very unexpected topology arises (Billing D. G, and Lemmerer A, 2009).    

 

As the organic cation increases with the size of the ring from the cycloheptyl ammonium to the 

cyclooctyl ammonium cation in the lead bromide hybrid, the hybrid forms bilayers, just like the 

(C7)PbCl based hybrid, with the exception that the bilayers are no longer regular corner sharing 

octahedra. The new bilayer topology may be seen in figure 2.12 where the PbBr6 octahedra now 

only have two corner sharing halides instead of four along the top and bottom edges of the 
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bilayer. The centre two rows of the bilayers octahedra still adopt the regular corner sharing 

motif type.  

 

The final cyclooctyl ammonium lead chloride based hybrid, forms a completely unexpected fully 

2D hybrid, with a complex layered topology as is seen in figure 2.13. This type of behaviour is 

difficult to rationalize especially when trying to reliably predict what the template will produce 

with respect to the inorganic motif. The final cyclooctyl ammonium lead iodide hybrid produces 

a 1D single chain system consisting of face sharing octahedral hybrid as seen in figure 2.14 

below. The Lead Iodide hybrid series appears to follow a more reliable dimensional reduction 

scheme upon increasing the bulkiness of the cyclic ammonium template. In summary we note 

that all three halogenated C3-C6 ring templated hybrids, form <100> 2D layers. Both lead iodide 

and bromide form 1D <110> based chains with the C7 ring. And finally the lead iodide forms 

single chain 1D hybrid with the cyclooctyl ammonium template where the lead bromide and 

chloride systems appear to revert to a more 2D type motif.  

 

 

Figure 2.14: The cyclooctyl ammonium template with lead iodide producing 1D single chain face sharing octahedra 

(Billing D. G, and Lemmerer A, 2007). 
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2.3.2 <100>, <110> and <111> 2D orientations 

 

We have discussed the origins of the <100> type orientations with the general formulae 

(RNH3)2MX4 or (NH3RNH3)MX4 depending on whether the ammonium ion is either a mono- or di-

cation. These structures incorporate multilayered inorganic sheets, which are separated by the 

(RNH3
+) ammonium cations. However there are other orientations that may be deduced from 

the basic 3D structure and separated into 2D layers similar to the <100> case. There are three 

different orientations that the 2D layered perovskites may adopt, these being <100>, <110>, and 

<111>. These orientations are defined as follows: at the terminating surface of the inorganic 

layer the <100> has one halide (a corner), <110> has two halides (an edge), and the <111> has 

three halides (a face) at the terminating surface (Mitzi D. B, 2001). If we look at figure 2.15 the 

orientation reduction from the bulk 3D orientation may be seen. For each orientation given that 

n = 1 in each case, 2D layers are produced only in the <100> orientation. In the <110> 

orientation, corner sharing 1D chains are formed, and in the <111> isolated MX6 0D octahedral 

are formed.   

 

From figure 2.15 let us briefly redefine the <100> orientation. The general formula for <100> 

single or multilayer oriented systems is (RNH3)2An-1MnX3n+1 (where A = CH3NH3 but may be any 

other small cation). When n = 1, a single inorganic layer is encountered. As n increases so does 

the thickness of the inorganic sheet (Figure 2.15ŀύΦ IŜƴŎŜ ŀǎ ƴ Ҧ қ ǘƘŜ ŘƛƳŜƴǎƛƻƴŀƭƛǘȅ Ҧ о5Φ 

The purpose of this process is to red shift the band gap and or increase the mobility of electrons 

within the layers. We will discuss this process and its impact on the physical properties in a later 

section. The <100> oriented systems have been extensively studied and the list of compounds 

that adopt this orientation for n = 1 is very large. Table 2.2 only lists the compounds reported 

previously for Sn and Pb <100> orientations for n > 1.   
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Figure 2.15: 2D layered perovskite orientations. a) <100> oriented (R-NH3)2An-1MnX3n+1, b) <110> oriented (R-

NH3)2AnMnX3n+2, and c) <111> oriented (R-NH3)2An-1MnX3n+3 (Mitzi D. B, 2004). 

 

As already noted the <100> orientation is the most common motif type however the <110> 

orientation is also encountered but is much less common. The <110> orientation as shown in 

(figure 2.15b) has the general formula (R-NH3)2AnMnX3n+2 where A is a small organic cation with 

the same criterion as in the 3D case i.e. the cation must fit inside a fully enclosed 3D cationic 

void. To generate the n = 2 case a small organic cation is required however there does exist a 

compound that makes use of a diamine that forms the <110> without the additional small amine 

cation (C6H13N3)2Pb2Br4 (figure 2.16). Although this exception exists for the n = 2 case, for n > 2 

cases, a second small cation of suitable size to fit inside the 3D cationic void must be readily 

available, as the structure grows in 3D character.  
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Table 2.2: The <100> orientation reported cases for Sn and Pb based hybrid perovskites with layers greater than 1. 

Metal Halid
e 

First Amine layers Reference 

Sn I C4H9NH3 2,3,4,5 Mitzi D. B, et al, 1994; 1995a,b 

Pb I, Br, 
Cl 

C4H9NH3 2 Papavassillou G. C, et al, 1993 

Pb I C5H11NH3 2 Elleuch S, et al, 2010 

Pb I C6H13NH3 2, 3, 4 Tanaka K and Kondo T, 2003 

Pb I, Br, 
Cl 

C8H17NH3 2 Papavassillou G. C, et al, 1993 

Pb I C9H19NH3 2, 3, 4 Koutselas I. B, et al, 1996 

Pb Br C9H19NH3 2 Koutselas I. B, et al, 1996 

Pb,Sn(not 
Cl) 

I, Br, 
Cl 

C10H21NH3 2,{3(Pb 
I,Br)} 

Papavassillou G. C, et al, 1993; 1995 

Pb  I CH3(CH2)11NH3 2 Barman S, and Vasudevan S, 2009 

Pb  I CH3(CH2)13NH3 2 Barman S, and Vasudevan S, 2009 

Pb  I CH3(CH2)15NH3 2 Barman S, and Vasudevan S, 2009 

Pb  I CH3(CH2)17NH3 2 Barman S, and Vasudevan S, 2009 

Pb I C6H5C2H4NH3 2 Calabrese J, et al, 1991; Hong X, et al, 1992; Ishihara T, 1994; Kataoka T, et 
al, 1994  

Pb Br C6H5C2H4NH3 2 Koutselas I. B, et al, 1996 

Pb I HO2C(CH2)3N
H3 

2 Mercier N, et al, 2005 

Pb I C4H3SCH2NH3 2 Zhu X. H, et al, 2002 

Pb I I3.OC4H8NH2 2 Li H. H, et al, 2008 

Pb  Br H3CC6H4CH2N
H3 

3 Papavassiliou G. C, et al, 2001 

Pb Br C6H13NH3 2, 3 Tabuchi Y, et al, 2000 

Pb Br C4H9NH3 2 Tabuchi Y, et al, 2000 

Pb Br C3H7NH3 2 Tabuchi Y, et al, 2000 

Pb Br C2H5NH3 2 Tabuchi Y, et al, 2000 

 

The <110> orientation has only been reported for a handful of systems and we will discuss a few 

examples that have been found in literature. The tin iodide systems with the general formula 

(NH2C(I)=NH2)2(CH3NH3)nSnnI3n+2 where the structures of n = 1-4 have been reported (Mitzi D. B, 

et al, 1998). For the n = 1 case i.e. the 1D corner sharing hybrids case, the (NH2C(I)=NH2)3MI5  for 

M = Sn and Pb, (Wang S, et al, 1995; Mitzi D. B, et al, 1998) and (NH3CSC(=NH2)NH3)PbI5 

(Mousdis G. A, et al, 1998) have also been reported. For the n = 2 case, where the second small 

A cation is replaced with a diamine, i.e. more correctly an imidizole in the compound 

(C6H13N3)2Pb2Br4 (figure 2.16) or a 2-(aminoethyl)isothiourea to give the hybrid [2-

(aminoethyl)isothiourea]PbBr4. These two compounds were reported fairly recently, as showing 

improved optical properties in comparison to those reported for the <100> orientations (Li Y, et 

al, 2006; 2008b).  
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Figure 2.16: Comparison of the two <110> oriented perovskites a) N-(3-aminopropyl)imidazole in PbBr b) Methyl 

ammonium and Iodoformamidinium in SnI , the diagram reference from (Mitzi D. B, et al, 1998; Li Y, et al 2006) 

respectively.   

 

Figure 2.17: The <111> orientation i.e. (R-NHx)2An-1MnX3n+3,  here we seen an example of the n = 1 case, which gives 

rise to isolated SnCl6 octahedra, the ideal 0D case (Ben Ghozlen M. H, et al, 1981).  

 

The <111> orientation with the general formula (R-NHx)2An-1MnX3n+3 have also been synthesized 

but are extremely rare (Mitzi D. B, 2001a). In the case where n = 1 for the <111> orientation, 

simply isolated MX6 octahedra would be expected [the 0D case CH3NH3PbI6.2H20 (Vincent B. R, 

et al, 1987)]. Essentially the n = 1 case gives us the ideal 0D hybrid. This system has been 

reported for a SnCl6 case, as seen in figure 2.17. Unfortunately for this orientation and for the n 

= 2 stiochiometry to be maintained i.e. (R-NHx)2AM2X9 the M oxidation state must be trivalent, 
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assuming A is a monovalent cation. Hence the compounds (CH3NH3)3Bi2Br9, [NH2(CH3)2]3Sb2Cl9, 

and [NH(CH3)3]3Sb2Cl9 are three examples that fit into n = 2 <111> layers (Mitzi D. B, 2001a).  

 

2.3.3 Group 14(IVA) <100> hybrids and the ns2 lone pair stereo chemical activity 

 

With the various orientations of the 2D hybrid perovskites having now been defined, it is 

important to discuss the validity of going through so much effort to attain these various 

orientations. Therefore since the properties of the various orientations have only (to my 

knowledge) been reported for the lead, tin and Ge systems, we will only discuss their properties 

here. Although Bi and Sb hybrids may also fall in the <111> 2D class, they have by definition 

been denied true <111> status and fall into a different structural motif class (Mitzi D. B, 2001a).  

 

Before embarking on a discussion of the pros and cons of the various orientations, the electronic 

structure of the extensively investigated <100> orientations should be reviewed. This will lay a 

foundation for further discussion of the properties associated with the group (IV) organic 

inorganic hybrid perovskites and their ability to be structurally tailored. 

 

In the group 14 (IVA) metal halides, the metal cations which form 2D hybrid perovskites, exist in 

a divalent state. This gives rise to a nonbonding ὲί lone pair that sits on the metal which should 

result in the coordination geometry to be lowered from an octahedral arrangement to trigonal 

or square pyramidal in order to account for the lone pairs spatial occupation on the metal 

centre. However this is not the case as these metal halides readily form 2D hybrid perovskites 

with corner sharing octahedra, with of course the correct choice of organic cation. The 

nonbonding lone pair is important electronically, as the lone pair forms the top of the valence 

band in the group 14 (IVA) metal semiconductors. The stereo chemical activity of the 

nonbonding lone pair is important when tuning the band gap of the semiconductor. It is also 

important to note that the stereo chemical activity of the lone pair in group 14 has been found 

to increase in activity with the following trend, ὖὦὍὍ  ὛὲὍὍ  ὋὩὍὍ. The reason for this 

may be attributed to the increase of covalent character between the metal and the halide ligand 

(Mitzi D. B, 1996).   

 

It should be brought to the readers attention that there are numerous reports of Pb and Sn (II) 

halide 2D perovskites, however only passing mention is made of the Ge(II) organic inorganic 

systems (Papavassiliou G. C, Koutselas I.B, 1995, Mitzi D. B, 1996). This is presumably because of 
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the decreasing stability of the group IVB Ge(II) oxidation state when moving up the group on the 

periodic table. The 3D perovskite family of AGeX3 (A = Rb, Cs; X = Cl, Br, I) however have been 

readily synthesized, and characterized structurally and electrically (Guen L et al, 1982; Thiele G, 

et al, 1987). It was found that CsGeI3 is of particular interest because it displays metallic 

character similar to some of the Sn(II) 3D derivatives (as will be discussed later). 

   

Mitzi investigated three systems to ascertain the above mentioned stereo chemical activity 

model, namely (C4H9NH3)2PbI4, (C4H9NH3)2SnI4 and (C4H9NH3)2GeI4 hybrid perovskites. The Pb and 

Sn hybrids are basically isomorphous, and both metal halide systems crystallize in the 

orthorhombic space group ὖὦὧὥ. The Pb systems unit cell parameters are ὥ  ψȢψφσςςρ ), 

ὦ  ψȢφψρψψ ᴠ and ὧ  ςχȢυχπς B, with the Sn unit cell parameters being ὥ 

 ψȢψσχπυ ᴠ ὦ  ψȢφρωρτ ᴠ, and ὧ  ςχȢυφςς ᴠ. The Ge compound crystallizes in the 

space group ὖὧάὲ, with the unit cell parameters similar to the Pb and Sn systems, with 

ὥ  ψȢχςςπυ ᴠ, ὦ  ψȢςχρφτ ᴠ and ὧ  ςψȢπρτρ ᴠ, however it does not form an 

isomorphous crystal structure to that of the Pb and Sn systems.  

 

The crux of this investigation is observed from the structural investigation of the bond angles 

and bond lengths of the metal halide octahedra. In the Ge-I case, the Ge-I bond lengths were 

observed to be greatly distorted, with Ge-I equatorial bond lengths of (σȢςρχς B and 

ςȢψσχς B) experiencing the greatest distortion whereas the axial Ge-I bond lengths of 

(σȢπρφσ B and σȢπυωσ B) were much less so. A similar range of Ge-I bond lengths were 

observed in the rhombohedrally deformed room temperature perovskite structure of CsGeI3 

(Thiele G, et al 1987). The 2D I-Ge-I bond angles also significantly deviated from 90o i.e. they 

ranged from 81.18(6)o to 93.36(6)o. These bond lengths and angles establish the highly distorted 

metal halide octahedra even with the use of a non bulky amine cation butylamine for GeI4
2- 

hybrids.  

 

The Pb and Sn systems displayed much smaller deviations in bond lengths in the MI6 octahedra 

than that of Ge structure. Where the M-I equatorial bond lengths were observed to be 

σȢρσσρ B and σȢρσψρ B for Sn-I and σȢρχυς B and σȢρχχς B for Pb-I which both display 

increased bond length distortions from their respective 3D (CH3NH3)MI3 analogues (Mitzi D. B, et 

al, 1995b; Knop O, et al, 1990). The axial bond lengths also showed only small deviations which 

are σȢρφπς B for Sn-I and σȢςππς B for Pb-I. The I-M-I bond angles displayed no deviation for 

both Pb and Sn hybrids in the axial positions; however did display some deviation in the 
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equatorial positions which ranged from (86.97(4)o to 93.03(4)o for Sn and 86.32(5)o to 93.68(5)o 

for Pb).  

 

The bond angle that has been attributed to have the greatest impact on tuning the band gap for 

each individual metal, and impact the stereo chemical activity of the lone pair is the M-I-M 

bridging angle between the MI6 octahedra (Knutson J. L, et al, 2005). This angle is 166.27(8)o for 

Ge, 159.61(5)o for Sn and 155.19(6)o for Pb. This trend counters our original hypothesis of the 

ƛƴŎǊŜŀǎŜ ƻŦ ǘƘŜ ƭƻƴŜ ǇŀƛǊΩǎ ǎǘŜǊŜƻŎƘŜƳƛŎŀƭ ŀŎǘƛǾƛǘȅ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ metal centred distortions as we 

proceed up the group. This relationship does however still hold, where the increase in the stereo 

chemical activity of the lone pair increases as the covalent character of the ligand 

increases  ὖὦὍὍ  ὛὲὍὍ  ὋὩὍὍ. However as the lone pair is better spatially 

accommodated as we proceed down the group the manifestation of an alternate distortion 

mechanism through the M-I-M bridging angle becomes the greater influence on the lone pair 

activity for the larger metals (Mitzi D. B, 1996).     

 

Figure 2.18: Luminescence emission of a) (C4H9NH3)2GeI4 b) (C4H9NH3)2SnI4 c) (C4H9NH3)2PbI4, figure adapted from 

(Mitzi D. B, 1996).  

 

In figure 2.18 the luminescence emissions of these three compounds may be seen where the 

emission blue shifts when proceeding down the group. To my knowledge this is the only 

reported case of optical characterization of a 2D Ge based hybrid. This is largely due to all of 
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these compounds being sensitive to oxidation, and need to be synthesized in an inert 

atmosphere. The stability of the compound toward degradation from oxidation follows the trend 

ὋὩ  Ὓὲ  ὖὦ, where Ge and Sn systems are only stable in air for a few miniutes, whereas Pb 

is stable for much longer periods (Mitzi D. B, 1999). Mitzi also reported that the luminescence 

peak intensity decreased in the following order ὖὦὍὍ  ὛὲὍὍ  ὋὩὍὍ while the peak 

width increased and the peak shifted from υςυὲά to φςυὲά to φωπὲά respectively (Mitzi D. B, 

1996).  

 

2.3.4 The effect of structural distortions on the stereo chemical activity of the ns2 lone pair of 

<100> (A)2SnI4 hybrids.   

 

Knutson and co-workers (Knutson J. L, et al, 2005) studied 15 different tin iodide hybrid 

perovskites (table 2.3) to explain the distortions observed within the tin iodide octahedra. 

Extended Hückel tight binding band structure calculations were carried out to aid in the 

investigation, as well as a comparison with structural data (unpublished). It has been proposed 

(Mitzi D. B, 1999) that the shift in band gap may be largely correlated to the Sn-I-Sn bond angle 

between octahedra, away from the ideal undistorted angle of 180o. There are four cases of 

distortion that may occur within the layers. Firstly the undistorted, second in-plane distortion, 

thirdly out-of-plane distortion, and fourthly a combination of in- and out-of plane distortions 

(figure 2.19). To fully understand the affect that distortion has on the electronic structure, one 

has to consider the orbital overlap, and the band structure. The orbital based analysis of the 

electronic structure revealed that the main group halides dispersion will originate from ˋϝ 

interactions between the main group metal and the iodine p orbitals (Knutson J. L, et al, 2005).  

 



50 
 

 

Figure 2.19: Schematic of 2D perovskite sheets which shows the (a) undistorted lattice, (b) in-plane distortion, (c) out-

of-plane distortion, and (d) combined in- and out-of-plane distortion. The green box highlights the unit cell that 

describes each lattice (Knutson J. L, et al, 2005).   

 

In the Sn2+ oxidation state, the highest-occupied orbitals will be localized on the Sn 5s orbitals, 

and thus, these orbitals are the origin of the top of the valence band of the extended lattice. The 

lowest-unoccupied orbitals, localized on the Sn 5p orbitals, are the origin of the conduction 

bands. In an octahedral SnI6 molecular fragment, both the Sn s and p orbitals will be destabilized 

by the ̀ -antibonding interactions by the iodine 5p and 5s orbitals. However, in the infinite lattice 

of the inorganic layers, the extent of the Sn-I antibonding interaction gives rise to the dispersion 

of the band structure (Knutson J. L, et al, 2005).      

  

The conduction bands derived from the Sn 5p orbitals show much more distinct directional 

characteristics. The band derived from the Sn 5pz orbitals (in the axial direction) shows 

effectively no dispersion in the 2D perovskite because when using an alkyl ammonium cation to 

separate the tin iodide layers from one other, the -̄type Sn-I interactions in the plane 

perpendicular to the long unit cell edge no longer interact. Then each of the Sn px and py bands 

display significant dispersions where strong antibonding with the iodine px and py orbitals occur, 

and much weaker antibonding interactions with the Is orbitals are also possible (Knutson J. L, et 

al, 2005).  
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Figure 2.20: Plot of the top of the valence band and the bottom of the conduction band upon in plane (solid lines) and 

out of plane (dashed lines) distortions to the SnI4
2-
 perovskite type lattice (Left). A plot of the band structure of the 2D 

tin iodide hybrid peroveskite showing the relevant band contributions (Right) (Knutson J. L, et al, 2005).  

 

In-plane distortions have a more drastic impact on the band gap than out-of-plane distortions. 

Bending the Sn-I-Sn bond angle away from 180o, where maximal orbital overlap is achieved, 

results in the loss of antibonding interactions between the Sn s orbitals and the I px and py 

orbitals and in so doing lowering the top of the valence band. This means that the more the Sn-I-

Sn bond angle deviates from 180o, the larger the band gap becomes, as shown in (figure 2.20) 

(Knutson J. L, et al, 2005). This in-plane distortion is in part responsible for the lowering of the 

valence band (as mentioned), and raising the energy of the conduction band.  

 

Out-of-plane distortions affect the Sn px orbitals from which the bottom of the conduction band 

is largely unchanged by distortion. The axial Sn-I bond distances also distort and determine the 

energy of the flat Sn pz band, however they have no direct impact on the band gap. The 

hydrogen bonding to the axial iodides should have little impact on the band gap because the 

hydrogen bonding does not contribute to either the valence or conduction bands. Deviations of 
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the equatorial Sn-I bond distances do have a modest impact on the materials band gap. The 

shorter Sn-I distances result in the destabilization of the top of the valence band because of the 

increased anti-bonding while the nonbonding crystal orbitals of the bottom of the conduction 

band are not really affected by the variations of the Sn-I bond distances. This results in a red 

shifted band gap.   

 

Table 2.3: The structures studied by (Knutson J. L, et al, 2005) (not all these materials have been fully characterized 

crystallographically). 

Metal Halogen  Amine  Reference 

Sn I 4-ClC6H5C2H4NH3
+
 i, iii, iv 

Sn I 2-ClC6H5C2H4NH3
+
 i, iii, iv 

Sn I 4-FC6H5C2H4NH3
+
 i, iii, iv 

Sn I 3-FC6H5C2H4NH3
+
 i, iii, iv 

Sn I 2-FC6H5C2H4NH3
+
 i, iii, iv 

Sn I C6F5C2H4NH3
+
 i, v 

Sn I C6F5C2H4NH3
+
 & 2-C10H7C2H4NH3

+
 i, v 

Sn I 2-BrC6H5C2H4NH3
+
 i, iii, iv 

Sn I 2-(CF3)C6H5C2H4NH3
+
 I 

Sn I C6H5C2H4NH3
+
 i, iii, viii 

Sn I 2-C10H7C2H4NH3
+
 i, iv 

Sn I 1-pyreneethylamine
+
 i, iv 

Sn I C4H9NH3
+
 i, viii 

Sn I C10H21NH3
+
 i, vi 

Sn I (CH3)3N
+
CH2CH2NH3

+
 i, ii 

 

i) Knutson J. L, et al, 2005; ii) Xu Z, et al, 2003a; iii) Mitzi D. B, et al, 2001b ; iv) Xu Z, et al, 2003b; v) Xu Z, and Mitzi D. 

B, 2003c ; vi) Xu Z, and Mitzi D. B, 2003d ; vii) Mitzi D. B, 1996 ; viii) Papavassiliou G. C, et al, 1994     

 

Interlayer IΧI contacts have shown enhanced interaction between the layers (Xu Z, et al, 2003) 

when using a short dication. This apparently causes a substantial shift of the exciton state 

associated with the band gap toward lower energy, compared with other SnI4 layered hybrids. 

This narrower band gap appears to be associated with the interlayer IΧI Van der Waals contacts. 

The compound that has displayed this interaction is [(CH3)3NCH2CH2NH3]SnI4 (Xu Z, et al, 2003). 
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2.3.5 Electrical transport of <100> and <110> tin iodide based hybrid perovskites 

 

 

Figure 2.21: Temperature (T) Vs Resistivity ()́ of measurements of [NH2C(I)=NH2]2(CH3NH3)mSnmI3m+2 where m = 1 

generates corner sharing single 1D chain systems, and m = 2 generates the <110> 2D topology. Furthermore 

measurements of (C4H9NH3)2(CH3NH3)n-1SnnI3n+1 are also displayed. For n = 1 the common <100> topology is 

generated. (Mitzi D. B, et al, 1995a; Mitzi D. B, et al, 1994).      

 

The hybrid material that has shown the most promising electrical transport properties have 

been the tin iodide based hybrids. As has been described in previous sections, there exists two 

main topologies i.e. the <100> (C4H9NH3)2(CH3NH3)n-1SnnI3n+1 when n = 1 we obtain the common 

2D single layer hybrid, and the <110> [NH2C(I)=NH2]2(CH3NH3)mSnmI3m+2 the less common 2D 

topology is obtained for m = 2. As displayed above in figure 2.21 a plot of temperature vs 

resistivity  ́ has been done for both types of topologies for increasing n and m values 

respectively. An important point to note is the band gap of the <110> for m = 2 case. Its band 

gap was calculated using the relationship ” ὃὩὼὴ . Taking the ὰὲ of both sides of the 

equation and plotting 1/T vs ln(́ ) as seen in the top corner of figure 2.21 a straight line can be 

achieved. The gradient of the curve gives us the band gap, of Eg = 0.33(5)eV. The band gap for 

this topology is much lower than the lowest reported case for the n = 1 <100> systems Eg = 

ρȢωχὩὠ. However as n and m are increased to 3 the resistivity becomes comparable for both 

systems. Furthermore the electrical transport makes a semiconductor to metal transition at n = 

4 which corresponds to a well thickness of 25Å. For n and m = Њ the systems become fully three 

dimensional. The metallic transition occurs as a result of the dispersion of the Sn 5s hybridized 

with the I 5p valence ƻǊōƛǘŀƭΩǎΣ ŀƭƻƴƎ the (111) direction in the cubic brillouin zone (special point 
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R) for the 3D SnI3(A) hybrid. The Sn 5s band slightly overlaps with the conduction Sn 5p band, 

giving rise to the semiconductor to metal transition (Mitzi D. B, et al, 1994; Mitzi D. B, et al, 

1995a).  

 

This property has been exploited in the SnI family of 2D hybrids, and has given rise to a large 

amount of literature published on the transport properties of (A)2SnI4 based hybrid perovskites. 

In addition the (A)2SnI4 systems have been deemed worthy systems for use as thin film field 

ŜŦŦŜŎǘ ǘǊŀƴǎƛǎǘƻǊǎ ό¢C¢Ωǎύ ǿƛǘƘ ŦƛŜƭŘ ŜŦŦŜŎǘ ƳƻōƛƭƛǘȅΩǎ of 0.62cm2/V.s for (C6H5C2H4NH3)2SnI4. Below 

in figure 2.22 a device built by (Kagan C. R, et al, 1999) that displays the high FET ƳƻōƛƭƛǘȅΩǎ for 

this compound. Further work has been completed by (Mitzi D. B, et al, 2002) to compare thin 

film melt processing as an alternative to solution processing thin films, and the overall effect on 

the mobility of the tin iodide hybrid perovskites.   

 

 

Figure 2.22: The schematic diagram of the melt processed organic inorganic field effect transistor OIFET, based on a 

silicon substrate. The inset displays a magnified view of the orientation of the hybrid perovskite with the kapton sheet 

on the top of the processed layer (Mitzi D. B, et al, 2002). 

 

More Recently Takahashi and co-workers (Takahashi Y, et al, 2007) have shown the tuneable 

transport ability of the (A)2SnI4 hybirds, by merely tuning the band gap of the compound by 

varying the A template. The resistivity measurements are spread over a wide range of values as 
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the template is altered. The results are displayed below in figure 2.23. A simple discovery was 

made, that as the band gap of the material is decreased, the resistivity drastically decreases. 

However the important aspect to consider is that even though the band gaps of these materials 

are greater than 1eV, the resistivities of the compounds are still fairly low.   

 

 

Figure 2.23: Temperature vs Resistivity (́) for IPy (2-I-pyridine), C4 (Butylamine), AEPi (C5H10NHC2H4NH3), GABA 

(HOOCC3H6NH3), IC4 (I-C4H8NH3), TRA (HOOCC6H10CH2NH3), PEA (C6H5C2H4NH3), and C5di (H3NC5H10NH3) in (A)2SnI4 

hybrid perovskites. The discontinuity of C4 is the result of a phase change as the sample is being cooled. Furthermore 

the resistivity measurement are sensitive to the preparation method, hence great care should be taken when 

preparation and measurement take place (Takahashi Y, et al, 2007).  

 

2.3.6  The <110> orientation and the effect on the band gap of lead based hybrids 

 

To my knowledge there have been only three reported cases of the 2D <110> orientations for Pb 

and Sn hybrids. The first reported case is the [NH2C(I)=NH2]2(CH3NH3)2Sn2I8 (Mitzi D. B, et al, 

1995a) which has been discussed in the previous section. The two other reported cases are the 

lead bromide <110> systems of [N-(3-aminopropyl)imidazole]PbBr4 i.e. [(API)PbBr4] and the 

highly distorted layers of [2-(aminoethyl)isothiourea]PbBr4 (Li Y, et al, 2006, 2008b). In the 

imidazole <110> hybrid case, the cation was chosen for one of two reasons. Firstly, it was 

probable that this template would arrange the inorganic component into the <110> 
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arrangement. And secondly, the imidazole ring is a good electron acceptor, in which a charge 

transfer interaction may take place between the inorganic layers and the imidazole ring.  

 

The crystal structure of (API)PbBr4 reveals that the important M-X-M bond angle (which has the 

greatest effect on the stereo chemical activity of leads lone pair of electrons) was found to be 

162.68o and 171.85o in the vertical and horizontal directions respectively. Furthermore the Pb-Br 

bond lengths were quoted to range from 2.788 ς 3.261Å which confirms the stereo chemical 

activity of the lone pair (Li Y, et al, 2006). However a fairly complex photoluminescence emission 

spectrum was obtained for (API)PbBr4, as a charge transfer interaction occurs between the 

layers and the API ligand. The sharp excitonic emission expected from the inorganic layers is still 

observed at τςτὲά, however it is accompanied by a broad emission at υπσὲά. This was 

assigned to a charge transfer interaction occurring from the inorganic layers to the imidazole 

electron acceptor rings. In the hybrids crystal structure, the imidazole rings of the API ligand in 

the hybrid were observed to have a “ᴼ“ stacking distance of only 3.558Å. Since it is generally 

considered that a “ᴼ“ stacking distance should range from 3.3 ς 3.7Å, this short interaction 

should give rise to an acceptor band, between the band gap of the inorganic component, for the 

charge transfer interaction to occur. The charge transfer mechanism proposed by (Li Y, et al, 

2006) may be seen below in figure 2.24.  

 

 

Figure 2.24: The charge transfer mechanism proposed by (Li Y, et al, 2006). The first absorption emission diagram is 

for the API.2HBr crystal, the second is the new mechanism for the hybrid perovskite crystal.  
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Figure 2.25: The crystal packing of (2-(aminoethyl)isothiourea)PbBr4 viewed along the 001 axis a) where the octahedra 

are largely distorted, and adopt a staggered arrangement, whereas the (API)PbBr4 adopts an eclipsed arrangement. b) 

Crystal packing view along 010 axis (Li Y, et al, 2008b).       

 

The final <110> orientated 2D hybrid of [2-(aminoethyl)isothiourea]PbBr4 was reported fairly 

recently (Li Y, et al, 2008b). The aim of using this new template was to suppress the charge 

transfer interaction observed in the previous case. However a highly distorted inorganic <110> 

layer was obtained, as seen in figure 2.25. The crystal structure reveals the Br-Pb-Br inter 

octahedral bond angle to range from 144.23(2)o and 170.54(2)o in the vertical and horizontal 

directions respectively. Furthermore the Pb-Br bond lengths range from 2.8440(6) ς 3.1569(6)Å. 

The vertical Pb-Br-Pb bond angle of 144.23(2)o is highly distorted in comparison with vertical Pb-

Br-Pb bond angle of 162.68o  for (API)PbBr4. The Pb-Br bond lengths are less distorted than in the 

(API)PbBr4 structure. As we know from the ns2 stereo chemical activity, as the Pb-Br-Pb bond 

angle deviates from 180o the valence band drops in energy, causing an increase in the band gap. 

This is observed in the [2-(aminoethyl)isothiourea]PbBr4 1s exciton photoluminescence emission 

at τπςὲά, which is blue shifted, compared with (API)PbBr4 PL emission of τςτὲά (due to the 

inorganic only).   

 

There is only one significant advantage of the <110> orientation over the <100> orientation. This 

may be seen in the red shifted band gap seen in both the SnI and PbBr based hybrid cases. 

However large distortions of the inorganic layers make the band gap comparable with the band 

gaps reported for other PbBr <100> hybrids (Tabuchi Y, et al, 2000). An advantage of the single 

cation approach to synthesize the n = 2 <110> orientation, is that they may be readily solution 

processed into thin films for electronluminescent type displays (Li Y, et al 2006, 2008b), whereas 
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the two cation approach as seen in the tin iodide based hybrids thin films are a greater challenge 

to grow.   

  

2.4 Different motifs generated through varying M/X and cation ratioΩǎ 

 

We have now discussed the perovskite type orientational generation of 2D, 1D, and 0D hybrids 

from a dimensional reduction from the 3D perovskite various orientations. However there are 

other ways to generate low dimensional systems and unusual structural motifs which follow a 

different set of dimensional reduction rules. This has been discussed thoroughly in a recent 

review article from (Mercier N, et al, 2009). The hypothesis stands on the idea of varying the 

ratio of M/I to generate various clusters, ribbons, and layers, by altering the organic cation 

interaction with the surface of the inorganic component (Table 2.4 and 2.5). This is achieved 

through promoting intramolecular interactions such as hydrogen bonding, “ “ interactions, 

weak Van der Waals interactions, S...S type interactions and lastly solvent influences (Mercier N, 

et al, 2009). Bulky cations have also been used in order to study 1D hybrids and 0D clusters. The 

extensively studied systems of Krautchield H, and co-ǿƻǊƪŜǊǎΣ ƛƴ ǘƘŜ флΩǎ ŀƴŘ ŜŀǊƭȅ нлллΩǎ ƘŀǾŜ 

yielded some pleasing results and form the basis of the literature. 

 

Tables 2.4 and 2.5 display the results of the I/M ratios of Pb/SnI and Bi/SbI based hybrids with 

the differing I/M ratios generating the various dimensions with Table 2.6 showing all the lead 

iodide hybrids quoted from the CSD Nov 2009. There are many other reported lead iodide hybrid 

cases, however their structure fiƭŜǎ ŘƻƴΩǘ ǎŜŜƳ ǘƻ ǊŜŀŎƘ ǘƘŜ /{5. The other structures and their 

properties will be discussed in later sections, specifically for the <100> 2D and 1D cases.  

 

Referring to table 2.6 (Krautschield H, and Vielsack F, 1999) were the first authors who managed 

to synthesize the 0D clusters of: Pb3I10
4-, Pb7I22

8-, and Pb10I28
8-. These clusters where synthesized 

with the bulky diammonium group of [(Bu)3N(CH2)4N(Bu)3]
2+. The cluster sizes where altered 

through varying the I- stiochiometry (in the form of NaI), and the ratio of the solvents used for 

crystallization. The solvent contribution for cluster and ribbon formation is as important as the I- 

ratio added to the solution. This was observed in the large amount of solvent incorporated into 

the crystal lattice of these structures (Krautschield H and Vielsack F, 1995; 1999).   
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Table 2.4: All dimensions of lead and tin iodide shown as a I/M ratio, with the simplest MI formula unit reported 

(Mercier N, et al, 2009).   

 Dimensionality    

I/M(II) Ratio 0D 1D 2D 3D 

2.4  Pb5I12*  Pb5/6I2"  

2.44 Pb18I44    

2.57   Pb7I18 Pb7I18 

2.67  Pb6I16 Sn3I8  

2.8 Pb10I28  Pb5I14  

3  MI3*  MI3*  MI3*(p) 

3.14 Pb7I22    

3.2 Pb5I16   Pb5I16 

3.33 Pb3I10 M3I10*  M3I10*(1p)  

3.5   Pb2I7*(1p)  

3.6   Pb5I18  

4  PbI4 MI4*(3p)  

4.4  Pb5I22   

4.5   Pb2I9 (p)  

4.66  Pb3I14   

5  MI5*    

6 MI6    

 

a Ґ tō ŀƴŘ {ƴΤ ϝ ǎǘǊǳŎǘǳǊŀƭ ƛǎƻƳŜǊǎ ŜȄƛǎǘΤ ά 5ŜŦƛŎƛŜƴǘέ PbI2 Sheet; (p) perovskite network 

 

Table 2.5: All dimensions of bismuth and antimony iodide shown as a I/M ratio, with the simplest MI formula unit 

reported (Mercier N, et al, 2009).   

 Dimensionality   

I/M(III) Ratio 0D 1D 2D 

3.33  Sb3I10*   

3.5 M8I28*  M2I7  

3.6 M5I18*    

3.66 M6I22*  Bi3I11  

3.75 Bi8I30   

3.8 Bi5I19   

4 M4I16; M3I12*  MI4  

4.5 M2I9   

5 M2I10 MI5*   

6 BiI6  M2/3I4" 

 

M = Bi and Sb; * structural isomers exist; ά5ŜŦƛŎƛŜƴǘ perovskite layer; 
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Table 2.6: CSD search for lead iodide hybrids (Nov 2009). 

I/M ratio  Amine I/M  Dimensionallity Reference 

2.4 (C24H20P1)
+ Pb5I12 1D Krautscheid H, et al, 1996 

2.4 (C26H58N2)
2+ Pb10I24 1D Krautscheid H, et al, 2001 

2.4 (C8H4I2S6)
+ Pb5/6I2 2D Devic T, et al, 2003 

2.44 (C16H36N1)
+ Pb18I44 0D Krautscheid H, Vielsack F, 1995 

2.57 (C23H52N2)
2+ Pb7I18 2D Krautscheid H, Vielsack F,  1999 

2.57 (C12H32N2)
2+ Pb7I18 2D Zhang Z. J, et al, 2008 

2.8 (C28H62N2)
2+ Pb10I28 0D Krautscheid H, Vielsack F,  1999 

3 (C6H13N4)
+ PbI3 1D Miyamae H, et al, 1988 

3 (C9H24N2)
2+ Pb6I18 2D Krautscheid H, Vielsack F, 1997 

3 (C12H14N2)
2+ PbI3 1D Tang Z, Guloy A. M, 1999 

3 (C12H30N2)
2+ PbI3 2D Krautscheid H, et al, 2001 

3 (C12H26N2)
2+ PbI3 2D Krautscheid H, et al, 2001 

3 (C8H4I2S6)
+ PbI3 1D Devic T, et al, 2004 

3 (C10H16N1)
+ PbI3 1D Li H. H, et al, 2004 

3 (C14H18N2)
2+ PbI3 1D Huang C. C, et al, 2004 

3 (C18H19N4)
+ PbI3 1D Sarker K. K, et al, 2006 

3 (C8H22N2)
2+ Pb6I18 1D Li H. H, et al, 2007 

3 (C8H17N1O1)
2+ PbI3 1D Sun L. G, et al, 2009 

3.14 (C28H62N2)
2+ Pb7I22 0D Krautscheid H, Vielsack F,  1999 

3.2 (C14H30N2)
2+ Pb5I16 0D Krautscheid H, Vielsack F, 2000 

3.2 (C4H14S2N2)
2+ Pb5I16 3D Louvain N, Mercier N, 2008 

3.33 (C8H22N2)
2+ Pb3I10 1D Krautscheid H, Vielsack F, 1997 

3.33 (C9H24N2)
2+ Pb3I10 1D Krautscheid H, Vielsack F, 1997 

3.33 (C11H28N2)
2+ Pb3I10 0D Krautscheid H, Vielsack F,  1999 

3.33 (C28H62N2)
2+ Pb3I10 0D Krautscheid H, Vielsack F,  1999 

3.33 (C6H18N2)
2+ Pb3I10 1D Corradi A.B, et al, 1999 

3.33 (C6H16N2)
2+ Pb3I10 1D Corradi A. B, et al, 2001 

3.33 (C8H11N2S1)
+ Pb3I10 2D Raptopoulou C. P, et al, 2002 

3.33 (C10H12N1S3)
+ Pb3I10 1D Zhu X. H, et al, 2003 

3.33 (C15H14N1O2S1)
+ Pb3I10 1D Maxcy K. R, et al, 2003 

3.33 (C5H16N2)
2+ Pb3I10 1D Billing D. G, Lemmerer A, 2004 

3.33 (C9H14N1)
+ Pb3I10 2D Billing D. G, Lemmerer A, 2006a 

3.5 (C8H22N2)
2+ Pb2I7 2D Krautscheid H, et al, 1998 

3.5 (C5H8N1S1)
+ Pb2I7 2D (P) Zhu X. H, et al, 2002 

3.5 (C4H10N1O2)
+ Pb2I7 2D (P) Mercier N, 2005  

3.6 (C3H10N1)
+ Pb10I36 1D Billing D. G, Lemmerer A, 2006b 

4 (C9H22N1)
+ PbI4 2D (P) Nagapetyan S. S, et al, 1988 

4 (C12H18N2S4)
2+ PbI4 2D (P) Zhu X. H, et al 2003 

4 (C8H16N1)
+ PbI4 2D (P) Billing D. G, Lemmerer A,  2006c 

4.4 (C4H14S2N2)
2+ Pb5I22 1D Louvain N, el al, 2007 

4.5 (C2H10N2)
2+ Pb4I18 3D Zhang Z. J, et al, 2006 

4.5 (C4H10N1O1)
+ Pb2I9 2D (P) Li H. H, et al, 2008 

4.67 (C4H14S2N2)
2+ Pb3I14 1D Louvain N, el al, 2007 

5 (C10H12N1S3)
+ PbI5 1D Zhu X. H, et al, 2004 
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6 (C1H6N1)
+ PbI6 0D Vincent B. R, el al, 1987 

6 (C3H12N2)
2+ PbI6 0D Billing D. G, Lemmerer A, 2006d 

6 (C12H16N2)
2+ PbI6 0D Zheng Y. Y, et al, 2007 

6 (C4H14S2N2)
2+ PbI6 0D Louvain N,et al, 2008  

  

Another example of this phenomenon was reported by (Krautschield H and Vielsack F, 1995). 

Again the use of a bulky ligand (Bu)4N
+ produced two different products by simply adjusting the 

bŀL ŀƴŘ ǎƻƭǾŜƴǘ ǊŀǘƛƻΩǎ ǘƻ ǇǊƻŘǳŎŜ ŜƛǘƘŜǊ ǘƘŜ ƭŀǊƎŜ tō18I44
8- 0D cluster, or the 1D face sharing 

octahedral chains of PbI3
-. Both methods were easily optimized in order to obtain 100% yields to 

generate their respective products. It was observed that as the NaI concentration was increased 

and or was in excess, the PbI3
- chains formed in complete preference over the large cluster 

formation. Hence in order to produce the large clusters, a stoichiometric amount of NaI was 

necessary. Furthermore the general trend as seen in table 2.4 (Mercier N, et al, 2009) and the 

CSD data base search in table 2.6, show that bulky ligands favour ƭƻǿ Lκa ǊŀǘƛƻΩǎ ƛΦŜΦ form large 

clusters or bulky ribbons. This was also observed with the lowest I/M ratio of 2.4 with 1D PbI 

ribbons of the quaternary phosphonium cation of (Ph)4P
+ reported by (Krautscheid H, et al, 

1996).  

  

 

Figure 2.26: The cystamine cations ability to template various lead iodide structural motifs with the general formula 

PbnI(4n+2)
(2n+2)-

 (Mercier N, et al, 2009). 

  

Mercier and co-workers have found a different but similar trend using the cystamine 

(H3N(CH2)2S2(CH2)2NH3) cation, as seen in the figure 2.26. A group of 1D motifs reduced from the 

<100> type orientation, which incorporates either neutral H2O or I2, or the charged H3O
+ or I- into 

the hybrid crystal lattice in order to maintain a charge balance. The four compounds form 1D 

sheets generated from the general formula PbnI(4n+2)
(2n+2)- for n = 1, 2, 3 and 5. However the 
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cystamine cation also generates the traditional 2D <100> hybrid perovskite, which was reported 

recently by (Lemmerer A, Billing D. G, 2010) and a pseudopolymorph of the n = 2 structure, 

where the H3O
+ cation is replaced with the I- anion. The overall formula changes in order to 

accommodate the new charge; however the structural motif remains the same. The reported 

structures formed by the cystamine cation generated with PbI are listed in table 2.7. What has 

become apparent is the ability for the cystamine hybrids to generate pseudopolymorphs and 

various inorganic motifs. Furthermore this observation has been attributed to the ability of the 

cystamine catiƻƴ ǘƻ ǎǘŀōƛƭƛȊŜ ǘƘŜ ǾŀǊƛƻǳǎ ǿŜŀƪ ƛƴǘŜǊŀŎǘƛƻƴǎ ƴŜŜŘŜŘ ǘƻ Ƙƻǎǘ ǾŀǊƛƻǳǎ άǎƻƭǾŜƴǘέ 

molecules because of the S-S bridges intermolecular stabilizing effect (Mercier N, 2009).  

 

Table 2.7: Table of lead iodide hybrids generated from the cystamine cation.    

Hybrid Formula Solvent  Anion  Dim I/M ratio  Reference n value 

(H3N(CH2)2S2(CH2)2NH3)2PbI5.I  none I
-
 1D 5 Lemmerer A. 

Billing D. G, 2010 
2' 

(H3N(CH2)2S2(CH2)2NH3)PbI5.(H3O)  H3O none 1D 5 Mercier N, et al, 
2006 

2'*  

(H3N(CH2)2S2(CH2)2NH3)2PbI4  none none 2D (P) 4 Lemmerer A. 
Billing D. G, 2010 

 

(H3N(CH2)2S2(CH2)2NH3)PbI6·2H3O H3O none 0D 6 Louvain N, et al, 
2008b 

1 

(H3N(CH2)2S2(CH2)2NH3)4Pb3I14.I2 none I2 1D 4.67 Louvain N, et al, 
2007 

3 

(H3N(CH2)2S2(CH2)2NH3)6Pb5I22·4H2O H2O none 1D 4.4 Louvain N, et al, 
2007  

5" 

(H3N(CH2)2S2(CH2)2NH3)6Pb5I22·2H2O H2O none 1D 4.4 Louvain N, et al, 
2007 

5" 

Ψ ǇǎŜǳŘƻǇƻƭȅƳƻǊǇƘǎΣ άǇǎŜǳŘƻǇƻƭȅƳƻǊǇƘǎ, *structural polymorph exists at high temperature  

 

 

Figure 2.27: Important intermolecular interactions considered when growing hybrid materials. A and B represent an 

ŀŘŘƛǘƛƻƴ ƻǊ ǎǳōǘǊŀŎǘƛƻƴ ƻŦ ŀƴ ƛƴƻǊƎŀƴƛŎ ǳƴƛǘΦ !ƴ ŀŘŘƛǘƛƻƴ ƻŦ ŀ άǎƻƭǾŜƴǘκόŀƴƛƻƴƛŎ ŀƴŘ ŎŀǘƛƻƴƛŎ ƛƴŎƭǳŘŜŘύέ ƳƻƭŜŎǳƭŜ Ƴŀȅ 

give rise to a newly defined inorganic subunit (A and C). Intermolecular interactions need to be considered in order to 

stabilize surface interactions between the inorganic interfaces, as well as with other organic moieties present in the 

crystal (D and E) (Mercier N, 2009).   
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Mercier and co-workers have performed many other studies on the effect of the presence of the 

sulphur atom in the cationic moiety (these structures are reported in table 2.7) and taken into 

account the work established primarily by Krauschied, and put forward a mechanism for hybrid 

formation as seen in figure 2.27. The diagram illustrates the interactions that need to be 

considered in order to generate the various inorganic motifs that have been observed thus far. 

Firstly cases A and B are the general 2D cases in which inorganic units may be added or 

subtracted for the simple single layer 2D hybrid or the multilayer hybrid formation. 

LƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ŀ άǎƻƭǾŜƴǘκόŀƴƛƻƴƛŎ ŀƴŘ ŎŀǘƛƻƴƛŎ ƛƴŎƭǳŘŜŘύέ ƳƻƭŜŎǳƭŜ Ƴŀȅ ƎƛǾŜ ǊƛǎŜ ǘƻ ŀ ƴŜǿƭȅ 

defined inorganic subunit (A and C). Furthermore intermolecular interactions need to be 

considered in order to stabilize surface interactions between the inorganic interfaces, as well as 

with other organic moieties present in the crystal (D and E). A further example not included in 

the mechanism above, is the incorporation of solvent into the hybrid, and still be able to 

maintain the <100> 2D single layer motif. This was successfully accomplished by (Mitzi D. B, et al, 

2002b) by investigating fluoroaryl type interactions with (PEA)2SnI4.(C6F6), and (F5-

PEA)2SnI4.(C6H6).    

 

2.5 Optical properties and Photoluminescence of <100> 2D hybrids  

 

Photoluminescence is a useful tool used when studying the electronic properties of 

semiconducting materials. Generally highly efficient luminescence for device applications is 

restricted to the Group (IV/V) metal halide hybrids. However the transition metal hybrids, which 

are better known for their low dimensional magnetism, have also shown luminescent properties 

in the Mn based hybrids. The aliphatic hybrids of (CnH2n+1NH3)2MnX4 for n = 1, 2 and 3, have 

displayed a red emission for the octahedrally coordinated (MnCl6) systems which is a resultant 

transition from 4T1 to 6A1 electronic state. Because Mn2+ is a 3d5 compound, it experiences a 

strong crystal field splitting, giving rise to this transition. The luminescence emissions for n = 1, 2 

and 3 have been reported at room temperature to be υωχὲά, υψψὲά and φπςὲά respectively 

(Morita M, and Kaeyama M, 1981; Tsuboi T, et al, 1995). The MnI4 hybrids ŘƻƴΩǘ ŦƻǊƳ 

octahedrally coordinated systems, but rather isolated tetrahedral complexes. This is due to the 

weak crystal field and the weaker ligand field strength, and the larger I- anion over Cl-. A green 

luminescence results from the tetrahedral coordinated MnI4 hybrid.   

 

Although luminescence has been reported in the transition Mn hybrids, more efficient 

luminescence for device application has really been restricted to the group (IV) metal (II) halides. 
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From the three metal halide systems (GeI, SnI and PbI) the lead hybrid has been shown to 

display the narrowest and most intense luminescence emissions out of the group (IV) metal 

halide hybrids. This is due to the lead hybrids ability to increase the excitons binding energy (Eb) 

and oscillator strength compared to that of the tin and germanium iodide hybrids (Mitzi D. B, 

1996). An example in which this phenomenon was demonstrated was for the Sn and Pb hybrids 

of (C6H5C2H4HH3)2MI4, where the reported binding energies were 220meV and 160-190meV for 

Pb and Sn hybrids respectively (Papavassiliou G. C, 1996). 

 

 

Figure 2.28: The Optical absorption for a) 3D (CH3NH3)PbI3, b) 2D (C9H19NH3)2PbI4, c) 1D (NH2C(I)=NH2)3PbI5 and d) 0D 

(CH3NH3)4PbI6.H2O crystals (Papavasilliou G. C, 1997).  

 

As discussed in chapter 1, dimensional reduction results in two types of enhancements 

experienced by a material. Firstly, is the widening of the band gap of the material as the 

dimensionality is decreased (3D to 0D) as explained through the density of states calculations. 

This may simply be observed by the colour of the crystal, which specifically for the lead iodide 

systems, is observed to undergo a transition from black (3D) to colourless (0D) upon dimensional 

reduction. Furthermore the absorption peaks at room temperature for the 3D (CH3NH3)PbI3, 2D 

(C9H19NH3)2PbI4, 1D (NH2C(I)=NH2)3PbI5 and 0D (CH3NH3)4PbI6.H2O are χυπὲά, υρπὲά, τφπὲά 

and σχςὲά respectively further illustrating this phenomenon (Papavassiliou G. C, 1996) (figure 

2.28).  

 

The second enhancement that is observed is the increased exciton binding energy with the 

decrease in dimensionality. A large increase in oscillator strength is also observed with the 

decrease in dimensionality as displayed in the lead iodide hybrids (πȢχ per formula unit for 

(C10H21NH3)2PbI4 compared to πȢπς per formula unit for (CH3NH3)PbI3) (Ishihara T, 1994). These 

enhancements are important as they result in highly efficient photoluminescence emissions at 
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room temperature. As discussed in the theory section, a decrease from 3D to 2D should result in 

a fourfold increase in the excitons binding energy. The binding energy enhancement argument 

becomes less trivial for the 1D and 0D cases, so we are just going to discuss the 2D cases here. 

For the 3D to 2D case in lead Iodide the binding energy has been measured to be τͯυάὩὠ (as 

three papers have reported different values which lie between τπυπάὩὠ, the average value 

is simply quoted, (Ishihara T, 1994; Hirasawa M, et al, 1994; and Tanaka T, et al, 2003). For the 

2D system (C6H5C2H4HH3)2PbI4 the binding energy was measured to be ςͯςπάὩὠ (Papavassiliou 

G. C, 1996), which is consistent with the theoretical binding energy for a 2D system being four 

times greater than the 3D analogue. 

 

Table 2.8: The binding energies, optical absorption and Photoluminescence emissions at various temperatures, of 

some PbI based hybrids. 

Metal 
Halide  

Amine  Dimensionality  Exciton OA 
(nm) 

PL (nm) Binding 
energy 

Reference 

PbI4 C1 3D 753
a
, 759

c
 753

a
 ~45meV  

 C4 2D 484
d
 490

d
 300meV Ishihara T, et al, 1990 

 C6 2D 516
a
, 530

c
,  361meV Tanaka K, Kondo T, 

2003a 
 H3NC6NH3 2D 483  150meV Papavassiliou G. C, 

1997 
 C8 2D 484

d
 490

d
 380meV Ishihara T, et al, 1990 

 C9 2D 514
a
, 484

d
 490

d
 300meV Ishihara T, et al, 1990 

 C10 2D 512
a
, 484

d
 517

a
, 

490
d
 

370meV Ishihara T, et al, 1989 

 C12 2D 484
d
 490

d
 300meV Ishihara T, et al, 1990 

 PEA 2D 517
a
, 527

e
 520

b
 220meV Ishihara T, et al, 1990 

 C9 2D (2L) 562-564
a
  181meV Papavassiliou G. C, 

1997 
 C9 2D (4L) 630

a
   Papavassiliou G. C, 

1997 
 C10 2D (2L) 556-564

a
 575

a
  Papavassiliou G. C, 

1997 
 C10 2D (3L) 600

a
 612

a
  Papavassiliou G. C, 

1997 
 C10 2D (4L) 632

a
 652

a
  Papavassiliou G. C, 

1997 
 PEA 2D (2L) 564

a
, 576

e
 574

a
, 

580
b
 

170meV Hong X, et al, 1992 

 C5 2D (2L) 557
a
 569

a
 230meV Elleuch S, et al, 2010 

 C4H3SCH2
NH3 

2D (2L) 562
a
   Zhu X. H, et al, 2002 

 C6 2D (2L) 580  260meV Tanaka K, Kondo T, 
2003a 

 C6 2D (3L) 614  150meV Tanaka K, Kondo T, 
2003a 

 C6 2D (4L) 646  100meV Tanaka K, Kondo T, 
2003a 

PbI6 C1 0D 372
a
, 364

c
 372

a
 545meV Papavassiliou G. C, 

1997 
PbI4 4-F-PEA  528

a
 530

a
 540meV Dammak T, et al, 2009 

Cn = aliphatic, PEA = phenylethyl ammonium, a = RT, b = LNT, c = 4.2K, d =2K, e = 10K 
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It should be noted that for the single layer 2D lead iodide hybrids, the binding energy has also 

been shown to be much larger than ςςπάὩὠ (beyond σςπάὩὠ for (C10H21NH3)2PbI4). It should 

be noted that the binding energy of (C10H21NH3)2PbI4 is nearly eight times larger than that of its 

three dimensional analogue. Hence dimensional reduction is not the only contributor to the 

enhancement of the binding energy. As discussed in the theory section, the excitons binding 

energy may be further enhanced from the reduction in the screening for excitons in the layers. 

This occurs because the barrier (organic) has a much lower dielectric constant than that of the 

well (inorganic) (Dielectric Confinement effect) (Tanaka K, et al, 2005; Ishihara T, et al, 1990; 

Hong X, et al, 1992b). Hence the larger enhancement of the binding energy would be expected 

for the aliphatics as they experience a lower dielectric constant ςͯȢρ from that observed for an 

aromatic ͯ σȢσς (C6H5C2H4NH2).  

 

It has also been observed that an increase in well thickness decreases the excitons binding 

energy (C6H5C2H4NH3)2(CH3NH3)Pb2I7 Ὁ  ρχπάὩὠ from ςςπάὩὠ of the single layered system 

(Hong X, et al, 1992). An investigation into the effect of increase/decrease in interlayer spacing 

has been investigated for CnH2n+1NH3 for ὲ  τȟφȟψȟωȟρπȟὥὲὨ ρς and it was concluded that 

this does not affect the binding energy much σσπτςπάὩὠ (fluctuation attributed to the 

dielectric constant only) for ὲ  τ ρς (Ishihara T, et al, 1990).  

 

To fully describe the binding energy dependence on the well and barrier (Elleuch S, et al, 2010), 

we need to describe the definitions of well thickness ὰ and barrier lengths ὰ, which describes 

the interlayer spacing. Furthermore the dielectric constants of the inorganic (well) ‐  and the 

organic (barrier) ‐ are defined in order to calculate the overall dielectric constant of the hybrid 

material ‐қ as originally described by Ishihara T, et al, (1990).  
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Figure 2.29: Height of Inorganic layer = 6.36Å ; interlayer spacing c/2 = 21.25Å of (C10H21NH3)2PbI4 (Ishihara T, et al, 

1990). 

 

Figure 2.30: [ŀǘǘƛŎŜ Ŏƻƴǎǘŀƴǘ Ŏ όƻύ ŀƴŘ ōŀǊǊƛŜǊ ǿƛŘǘƘ όҟύ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ŎƘŀƛƴ ƭŜƴƎǘƘ ƻŦ ό/nH2n+1NH3)2PbI4 where the 

interlayer distance is c/2 (Ishihara T, et al, 1990). 

 

Assuming that the c axis is the longest unit cell axis and the inorganic layers lie perpendicular to 

this axis (in the ὥὦ plane), we will define the two geometrical parameters, ὰ (the barrier length) 

and ὰ (the well length) that the binding energy is dependent upon. The well length ὰ is a 

function of the height of the inorganic layer or the octahedra, which is generally ͯ φȢσφ B from 
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apical iodine to apical iodine for a single layer (RNH3)2PbI4 2D hybrid perovskite. However the 

well length must also include the ionic diameter of the apical halogen ions, i.e. ςὙ; therefore  

ὰ ὍὲέὶὫὥὲὭὧ ὬὩὭὫὬὸ  ςὙ and therefore the barrier length ὰ may be defined as a 

difference of,  ὰ  ὰ  where c is the longest unit cell axis (figure 2.29 and 2.30). 

 

 

 

Figure 2.31: The calculated exciton binding energies for lead iodide. (Elleuch S, et al, 2010) Blue curve is the increase 

in well thickness as the barrier is kept constant; conversely the red and black curves are constant inorganic well 

thickness as a function of the barrier length i.e.  as ὰ is kept constant. 

 

The dielectric constant of the entire inorganic-organic hybrid ‐  also needs to be defined as the 

binding energy is dependent on the dielectric constants of the well and barrier. Thus ‐

‐ὰ ‐ὰȾὰ  ὰ  where ‐  is the overall dielectric constant of the hybrid, ‐ is the 

dielectric constant of the barrier (organic ammonium cation), and ‐  is the dielectric constant of 

the well (inorganic layer). The parameters ὰ and ὰ are as previously defined. Recalling from the 

theory section, for a 2D system the binding energy of an exciton is calculated from the energy 

eigenvalues of the following equation: 

 

Ὁ   Ὁ   
ᶻ

. 
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Where Ὁᶻ 
 

  uses the overall dielectric constant of the hybrid material (please refer to the 

theory section for further details). Hence the relationship of the binding energy verses well 

thickness as defined by (Elleuch S, et al, 2010). In the calculations completed by (Elleuch S, et al, 

2010 and references therein) they used the reduced excitonic mass of ‘ πȢρπυά  which is 

obtained from band structure calculations, and the dielectric constant of PbI was obtained from 

(Koutselas I. B, et al, 1996) of ‐ φȢυ. As mentioned earlier, if there is no dielectric mismatch 

i.e. ρ, then the excitons binding energy is only related to the quantum confinement 

parameter i.e. Ὁ  τυάὩὠ for 3D PbI and should be at least ρσυάὩὠ for the 2D system. 

However since there is always a dielectric mismatch, there will be an enhancement of the 

excitonic binding energy.  

 

Figure 2.31 above uses the ratio of υȢς and φȢυ respectively as it varies the inorganic 

well thickness (red and black curves) and the barrier layer thickness for 

πȢυȟπȢφφȟρȟςȟυȢςȟφȢυ (blue curve). The two vertical dashed lines on the graph represent 

one (red), and two (blue), inorganic layers respectively. In simplified terms, the graph shows that 

as the dielectric constant of the barrier is increased, the binding energy is increased (with a 

constant well thickness). If the barrier is held constant and the well thickness is increases, the 

binding energy decreases accordingly (increasing 3D character of the material).  

 

In a recent paper by (Dammak T et al, 2009), the authors measured the largest binding energy of 

an exciton found in a single layered lead iodide hybrid perovskite thus far (table 2.8). The binding 

energy was found to be υτπάὩὠ, which implies this material would be a great candidate for an 

electroluminescent device. The large increase in excitons binding energy was simply attributed 

to the large dielectric mismatch between the barrier and the well. The amine cation was 

however not an aliphatic, but  4-FPEA (4-F-Phenylethylammonium), whose dielectric constant 

lies within the range ρȢπτ ‐ ρȢςτ, which is significantly reduced from the parent PEA 

cation whose dielectric constant is ‐ σȢσς. Clearly the large decrease in the dielectric 

constant has been attributed to the presence of the fluorine atom on the PEA ring (Dammak T, 

et al, 2009). The binding energy was calculated using the modified Arrhenius model using the 

integrated intensities obtained from the variable temperature photoluminescence 

measurements. 
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The ability to enhance dielectric confinement with the use of a more rigid organic amine, other 

than an aliphatic is of great importance technologically, because the aliphatic chains are prone 

to phase changes which result in reordering in the crystal packing and sometimes may result in a 

thermochromic phase transition. Some phase changes observed result in the crystal itself to 

completely shatter (Ishihara T, et al, 1990; Billing D. G, Lemmerer A, 2007b, 2008; Lemmerer A, 

2011). However if the phase transition does not physically damage the crystal, one may observe 

crystallographically the change in the distortions of the inorganic sheets. This property may be 

exploited as a temperature tuneable optical device. Recently this was explored by (Pradeesh K, 

et al, 2009b) for (C12H25NH3)2PbI4 investigating the high temperature phase change of 

(C12H25NH3)2PbI4 at 60oC. The optical absorption and photoluminescence before and after the 

phase change may be seen in figure 2.32.  

 

Figure 2.32: The optical absorption and photoluminescence emission of (C12H25NH3)2PbI4 a) displays the inorganic 

distortion as a result of the phase change, the reason for the optical shift. B) optical absorption, c) photoluminescence 

emission (Pradeesh K, et al, 2009b).   
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2.5.1 Optical properties of Lead Bromide and Chloride 2D hybrids 

 

We have discussed mainly the lead iodide family up to now, however the other halogenated 2D 

lead hybrid perovskites have also been investigated. The substitution of the halogen from iodine 

to bromine and or then chlorine in the 2D perovskite has the ability to significantly blue shift the 

optical absorption and or photoluminescence observed. Hence a wide spectrum of colours may 

be achieved, by a simple halogen substitution of the hybrid i.e. υͯρπὲά συπὲά for the single 

layer 2D hybrids. Work completed by (Kitazawa N, 1997) displays a fractional substitution of the 

halogen in the single layer hybrids, by only varying Br and I and Br and Cl respectively. Sharp 

photoluminescence emissions were also reported for these compounds despite the non-uniform 

halogen occupation as seen in figure 2.33 (Kitazawa N, 1997; Kitazawa N, et al, 2004). A larger 

list of fractional hybrids has been completed in a review by (Papavassilliou G. C, et al, 1999) as 

well as more recent studies completed by (Dammak T, et al, 2009b).  

 

   

Figure 2.33: Optical density measurements of (RNH3)2Pb(BrxI4-x) and (RNH3)2Pb(ClxBr4-x) with x = 0, 1, 2, 3, 4, displaying 

the optical shift with the change in halogen (Kitazawa N, 1997). 

 

The Lead Bromide compounds are understudied by comparison with the iodide analogues. This 

is the case as the lead bromide hybrids were thought to display fundamentally similar optical 

properties, only blue shifted relative to the iodide analogues. However after further 

investigation, it was discovered that they display a more intricate emission spectra as seen for 

the simple aliphatic type compounds (Kato Y, et al, 2003; Ema K, et al, 2006; Kitazawa N, et al, 

2010). In addition, it should be noted that, there are very few crystal structures reported for the 
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<100> 2D lead bromide hybrids; however the compounds whose properties have been 

investigated spectroscopically have confirmed the 2D structural motif through two methods. 

Firstly the UV-Vis absorption spectra which displays the compounds absorption peak in the 

expected absorption region, and secondly the unit cell and 2D interlayer spacing which are 

estimated and or confirmed through thin film P-XRD (Kitazawa N, et al, 2010; Kitazawa N, et al, 

2010b). A summary of the reported 2D lead bromide hybrids and the optical properties and 

excitonic binding energies were reported may be seen in table 2.9.  

 

Due to inconsistencies in the literature regarding the quoted values of the binding energies of 

the ŜȄŎƛǘƻƴǎΣ ƛǘ ǎƘƻǳƭŘ ōŜ ōǊƻǳƎƘǘ ǘƻ ǘƘŜ ǊŜŀŘŜǊΩǎ ŀǘǘŜƴǘƛƻƴ ƻŦ ǘƘŜ ǘƘǊŜŜ ƳŜǘƘƻŘƻƭƻƎƛŜǎ 

employed for the measurement of this parameter i.e. from low temperature (<10K) optical 

absorption measurements, electro-absorption experiments, and activation energy 

measurements obtained through variable temperature integrated luminescence intensity 

measurements (Kitazawa N, et al, 2010). The activation energy experiments have been shown to 

give the most reproducible and reliable results from the various publications investigating these 

excitonic properties, however experiments performed by (Kitazawa N, et al, 2010b) displayed 

the optical absorption method gave more realistic results when compared with the activation 

energy approach also employed for that specific set of compounds.   
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Table 2.9: The binding energies, optical absorption and Photoluminescence emissions at various temperatures, of 

some PbBr based hybrids.  

Metal 
Halide  

Amine  Dimensionality  Exciton 
OA (nm) 

PL (nm) Binding energy Reference 

PbBr3 C1 3D 532
a
 534

a
 76meV Tanaka K, et al, 2003 

PbBr C9 2D 393
a
   Papavassiliou G. C, 1997 

 C10 2D 396
a
, 397

d
   Papavassiliou G. C, 1997 

 PEA 2D 402
a
,  406

a
 290meV Papavassiliou G. C, 1997; 

Kitazawa N, et al, 2005 
PbBr6.2H2O C1 0D 312

a
   Papavassiliou G. C, 1997 

PbBr C4 2D  3.03eV 330meV/430m
ev 

Kitazawa N, et al, 2010; 
Tanaka K, et al, 2005c 

 C5 2D  3.06eV 290meV Kitazawa N, et al, 2010 

 C7 2D  3.09eV 280meV Kitazawa N, et al, 2010 

 C12 2D  3.19eV 310meV Kitazawa N, et al, 2010 

 C8 2D  3.20eV  240meV Kitazawa N, et al, 2009 

 C9 2D (2L) 430
a
   Papavassiliou G. C, 1997 

  2D (3L) 450
a
   Papavassiliou G. C, 1997 

  2D (4L) 472
a
   Papavassiliou G. C, 1997 

  2D (5L) 490
a
   Papavassiliou G. C, 1997 

 C10 2D (2L) 434
a
 442

a
  Papavassiliou G. C, 1997 

  2D (3L) 450
a
 456

a
  Papavassiliou G. C, 1997 

  2D (4L) 472
a
 482

a
  Papavassiliou G. C, 1997 

 C6 2D 395
a
   Tabuchi Y, et al, 2000 

 C6 2D (2L) 431
a
   Tabuchi Y, et al, 2000 

 C6 2D (3L) 450
a
   Tabuchi Y, et al, 2000 

 C2 2D 402
a
   Tabuchi Y, et al, 2000 

 C3 2D 390
a
   Tabuchi Y, et al, 2000 

 C4 2D 390
a
; 405

a
 430

a
 330meV Tabuchi Y, et al, 2000; 

Mitzi D. B, et al, 2001c; 
Kitazawa N, et al, 2010 

 C10 2D 390
a
   Tabuchi Y, et al, 2000 

*  H3NC6NH

3 
2D 380

a 
402

a 
180meV Dammak T, et al, 2007; 

Papavassiliou G. C, et al, 
1999 

*  PhCH2NH3 2D 397
a
, 

3.08eV
c 

3.05eV
c 

 Kitazawa N, et al, 2010b; 
Papavassiliou G. C, et al, 
1999 

 PhC2H4NH

3 
2D 3.06eV

c 
3.06eV

c 
 Kitazawa N, et al, 2010b 

 PhC3H6NH

3 
2D 3.11eV

c 
3.10eV

c 
 Kitazawa N, et al, 2010b 

 PhC4H8NH

3 
2D 3.13eV

c 
3.08eV

c 
230meV Kitazawa N, et al, 2010b 

*  CH3PhCH3
NH3 

2D Multiple 
lines

c 
3.176eV
c 

 Makino H, et al, 2005; 
Papavassiliou G. C, et al, 
2000 

 NMA 2D 380
a
   Papavassiliou G. C, et al, 

1999 
*  2-AMP 2D 431

a 
467

a 
 Li Y. Y, et al, 2007 

Cn = aliphatic, PEA = phenylethyl ammonium, a = RT, b = LNT, c = 4.2K, d = 2K, *single crystal structure reported, NMA 

= Napthylmethylammonium, AMP = Aminomethylpyridine, 
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Figure 2.34: Photoluminescence of (C4)2PbBr4 displaying the biexciton emission generated from a pulsed excitation 

source at 10K (Kato Y, et al, 2003) a) and the continuous wave excitation luminescence displaying the excitonic fine 

structure at 1.5K (no biexciton emission is observed with CW excitation) (Ema K, et al, 2006). 

 

It has been shown that the excitonic binding energy tends to increase as the halogen is changed 

from I to Br. This may be specifically seen in the 3D (CH3NH3)PbX3 case where Ὁ τυάὩὠ for 

the I structure, and Ὁ χφάὩὠ for the Br structure. In addition, the most studied 2D case 

(PEA)2PbX4 illustrates this phenomenon as well, where Ὁ ςςπάὩὠ and Ὁ ςωπάὩὠ for the 

I and Br cases respectively (refer to table 2.8 and 2.9 for references).  

 

Recent investigations involving the lead bromide systems have revealed further detail into the 

excitonic fine structure in the luminescence emissions. Figure 2.34 displays the luminescence 

emissions of (C4)2PbBr4 for a pulsed excitation source at ρπὑ (figure 2.34a) in which a biexciton 

emission is observed with the largest binding energy (φπάὩὠ) (Kato Y, et al, 2003) recorded for 

a quantum well thus far. In addition to the biexcitonic peak in the pulsed excitation experiment, 

excitonic fine structure was also observed. The fine structure was also observed in the 

continuous wave excitation luminescence as seen in figure 2.34 b) (Ema K, et al, 2006). The 

excitonic assignments are labels derived from the FBZ critical points in the direct gap of the band 

structure. From previous sections we know that the 2D lead halide hybrids are direct gap 

semiconductors. In the case of (C4)2PbBr4 the direct gap transition occurs at the FBZ critical point 

ɜ.  
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Figure 2.35: The 1s exciton energy level has a fine structure which is split into three fine structure energy levels. These 

are the purely triplet state ɜ , the triplet dominant ɜ  and the singlet dominant state  ɜ . As may be seen in a) ɜ   

decays into  ɜ  and  ɜ  through a spin relaxation, as well as a spin flip decay b) as may be seen in c) (Ema K, et al, 

2006). 

 

From the luminescence emissions it is observed that the 1s exciton energy level has a fine 

structure which is split into three fine structure energy levels, which are labelled accordingly. 

These states are the purely triplet state ɜ , the triplet dominant ɜ  and the singlet 

dominant ɜ . An aside, the  ɜ  state has recently been shown to also display exciton polariton 

coupling, however this is of less importance to the assignment of the fine structure (Tamaki R, et 

al, 2008). The mechanism of the excitonic fine structure decay may be seen in figure 2.35 a) i.e. 

ɜ   decays into  ɜ  and  ɜ  through a spin relaxation, as well as a spin flip decay figure 2.35 b). 

The spin flip Raman experiments, as seen in fig 2.35 c) proved the spin flip decay mechanism and 

hence the proposed mechanism in figure 2.35 a) and b) (Ema K, et al, 2006). Further 

investigations into the longer chain length derivatives (C5, C7, C12) also displayed the excitonic 

fine structure, however, it only became evident below 40K for C4, C5 and C7, and below 80K for 

C12. It should be noted that C7 displays very little fine structure at low temperature in 

comparison with its cousins. The luminescence emissions at these temperatures display 

intersystem crossing between the singlet and triplet states upon cooling, and the varying of the 


