Chapter 2Literature Survey

2.1 Introduction

In this chapter we have coveretthe background literature regardinthe origin of the orgaic

inorganic hybrid perovskitstructure, he concept of dimensional reductipand its impact on

the elecronic properties of the material A description othe two mechanisms thatmay be

employed conceptuallyto create low dimensional systemsamely, the traditional method

developed from cutting arious slices from the 3D perskite motif, and the various inorganic
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solvent effectswill be discussedin later sections more attention has been focussed on the

excitonic behaviour in the 2D and HBystemswith discussions of # phase transitions that may

arise through temperature fluctuationsas this foms the basis for the results discussed

chapters 4 and SOnly a brieddiscussion on the literature amonlinear optics of hybrid materials

ispresened, & (GKA& G2LAOCQa ol O13INRdzyR A& RS@St2LISR Y2
summary of electroluminescent devices developed from hybrid organic inorganic systems
concludes this chapterllowing us to see the applicability of the research forther device

development.

2.23Dorganic inorganic hybrid perovskites

Figure 2.1: The perovskite structure (CaR)Owhich holds the general formula ABChowever for the Organic
inorganic hybrid perovskites the formula is changed to AMMere A is the organic cation, M the metal, and X is any

halogen.
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Thethree dimensionabrganic inorganitalide hybridsare based on the traditionaperovskite
structure with the general formulaABQ as seen in figre 2.1. The 3D hybrids adoptthe same
structure type but with the newgeneral formulaAMX where A is any monovalent cation,
generally Li, Na, K, RBs,or maybe replacedy an organic ammonium cation of suitabfze M
is any M(Il) metal and X F, CI, Br, or Manytypes ofcations (A) may be incorporated inthet
void that is formed in the cdre of the perovskite structure. Howevéne cationmust fall within
the tolerance factor (t)n orderto maintain the 3 dimensiongberovskite structure type To
generate an ideal cub perovskitecrystal structurethe tolerane factor must be t = 1in order
to accommodate larger catiorthe tolerance factor generally falls within the rang@® 0
T8y with octahedral distortion®ccurringin order to accommodate the increagecationic radii.
This means thaBD perovskitestructures that fall within thisolerancerange adoptower crystal

symmetryto accommodate the distortions experienced in the struct(ivitzi, 1999)

The question then arises, how large can the cation A be, and still maintain the 3D perovskite
structure type?A simple equatioimay be constructed in order to describe the atomic radii and
all the constraints necessary to maintain the 3D structure tylimedescribe this equatiotet us
considerthe perfect cubic perovskite structurehere t = 1 and we assumeall the atoms are
rigid sphere. The equation willthen hold provided thateach atomA, B and R @tomic radiiare

in contact, then'Y Y Mc 'Y 'Y . Theuse of this equation is illustratedhen
consideringthe largest atomic radii case of the 3D orgamorganic hybrid perovskiteith the
formula (A)Pbi. To maintaincubic symmetrythe value ofY maynot be largetthan ¢&B. In the
organic inorganic systenthie single bond lengthof GN whichisp& ®, should be the first
constraint taken into consideratiowhen choosing amrganic ammonium dan. The cationic
void parameterdoes severely limibur choiceof orgaric cation sitable to template the 3D
structure. Nevertheless a suitable candidate is readily found wihle first obviousorganic
ammonium cationbeing mehyl ammonium(CHNH)*. This cation ispredominantly found in
most metal (II) halide3D organic inorganidybrids Another suitable marginally largercation
has been found to bethe formadimium (NEHCH=NE) cation which was successfully
incorporated into the(NHCH=NEK)Sn} 3D systemMitzi D. B and Liang K, 1997Theunit cell
parameters have been reported to bep&b larger than that of itsmethyl ammonium
counterpart In terms of further property discussiornmirposes wewill limit ourselves to the
(CHNH)PbX systens where X = ClI, Br, andds the 3D (A)Sntase will bedealt with in the

section on electrical transpart
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As crystalline distortions or phase changes oftecur as aesult of the materials sensitivity to
temperature. This sensitivity more often than not results in tratering of the
physicalelectronic properties of that material. Phase changesspecifically in the perovskite
casesmay result inanincrease or decreasef the crystalographicsymmetry. This may cause
simple loss or gain of some form of crystallographic related physical properties, such as, non
linear optics (SHG specificallgnd 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 mayltresa loss or gain of

a very useful propertas a result ofhe phase changeA 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 nt desirablefor the materialto undergo a phase change, it is still
then very useful to know the temperature stability range of that mater@ éperational
purposes. It shouldbe noted that a phase change occurring at either high or low temperature,
which falls ouside the functional range of that material, should not deem the material unfit for

practical use

Moreover,phase changes may also result as a distortion ofntle¢al centres site symmetry(as

in the casedfor inorganic complexesYhis generally has soméfect on the electronic properties
of the material itselfj.e., either red or blue shifhgthe optical absorption spectrum, Jahn teller
distortions (well known in perovskitesyrastically altering the magnetic properties (Meissner
effect), supercondutivity, and the Peierls transitionKittel C, 1996)This also highlights the

importance ofknowing the thermal properties of any material under investigation.

When considering thestructuresof the 3D organic inorganic hybsdone may routinelythink

that these systems would be stable as a cubic crystal sysibis.is not the case dkere are

three phases present for each of the halogenatedsf{G)PbX crystals, as reportedy (Knop O,

et al, 1990). @&ble 1summarizeghe temperature dependant phases and their stability ranges
present for all three of the lead halogenated hybrids reported i.e. the CI, Br, and | systems. Since
the methyl ammonium cation does not obey thie site symmetry needed to maintain cubic
symmety, 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 theNEgRbX cubic phase

(Knop Oet al, 1990).
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Table2.1: Crystal structure data for the CUiCHNH;)PbX% where X = CI, Br, and |

X  Temperature Crystal Space a(h) b (A) c(A) z
(K) System Group

Cl >178.8 Cubic Pm3m 5.675 1
172.9178.8 Tetragonal P4/mmm 5.656 5.63 1
<172.9 Orthorhombic P223 5.673 5.628 11.182 2

Br >236.9 Cubic Pm3m 5.901(1) 1
155.1:236.9 Tetragonal 14/mcm 8.322(2) 11.832(7) 4
149.5155.1 Tetragonal P4/mmm 5.894(2) 5.861(2) 1
<144.5 Orthorhombic  Pna2 7.979(1) 8.580(2) 11.849(2) 4

| >3274 Cubic Pm3m 6.3285(4) 1
162.2327.4 Tetragonal 14/mcm 8.855(6) 12.659(8) 4
<162.2 Orthorhombic  Pna2 8.861(2) 8.581(2) 12.620(3) 4

It should also be noted thatipon cooling the three different 3D hybrids, the methyl aomium
cationsdisorder undergoa 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 site symmetry may no longer be maintained. Téfere 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 restrictismnow imposed on the -8 axis, as the

cation becomes completelisolidifieck.

2.2.1 Optical properties of 3D organinorganic hybrid grovskites

As the (A)Pbxstructures 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 lowensional
organic inorganic hybrids (2D, 1D and 0D). As the 3D systems are not expected to have any
guantum confinement effects, which results in observable excitonic effects at room
temperature, the absorption spectra are reported at low temperature ineortb thoroughly
observe the exciton peak. The band gap of;{Gi)Pbk was obtained from the low temperature
reflectance spectrum which was transformed through the Kramers Kroning relationship to
obtain the absorption spectrum (Hirasawa Bt,al, 1994). Tie absorption spectrumas seen in

figure 2.2,shows a very sharp 1s exciton absorption peak (H@aioc’@wThebinding energy of
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the exciton wasestimatedto beuv @ ‘Q pwith an effective Bohr radius af 8 and a reduced

mass of & .
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Figure 2.22 The low temperature absorption spectiaoth obtained from the reflectance and Krameksoning
relationship. a) Displays they absorption spectrum of (GNH:;)PbBg obtained from (Tanaka Kt al, 2003) b)
Displays tha &0 absorption spectrum ofGHNH;)Pbk obtained from (Hirasawa Mgt al, 1994)

More recently the absorption spectrum for (€NHH;)PbBg was obtained by (Tanaka ket al,
2003) via the same method, where thsharp 1s excitorabsorption band was observed at
¢& v'@dawhich is strongly blue shifted by comparison wiithlead iodideanalogue The binding
energy of the exciton is estimateat x @ ‘Q cowith aneffective exiton Bohr radiusof ¢ B and a
reduced mass ofi@ @ . The values quotetbr (CHNH;)Pb} are the carected values obtained
from (Tanaka ket al, 2003), as they believed the samples from (HirasawatMl, 1994)were ill
prepared when obtaining the magneto absorption spectra to determine timelibg energy,
effective Bohr radius, and the reduced mas$owever more importantly, is the observed blue
shift of the absorption spectrumvith a substituton of the halogen from | 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 (MHH)Pbk and (GHsNH).Pbl as carried out by
(Umebayashi Tet al, 2003) and cavorkers to further explore the effect of dimensional

reduction on the electronic stizOi dzNE =X ' yR (GKS St SOGNRYAO 2NDBAGL
the valence and conduction bands. Both ultraviolet photoelectron spectroscopy (UPS) and

Ot OdzAt A2y 65C¢0 SELISNAYSyidia 6SNB OF NNASR 2d
spectradisp 8 Qa4 GKS SELISNAYSyiGlt @t SyO$iguel2gR 2F 06 :
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 0O3fays

broader peaks for the 3D witlsharper 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. Thisree& 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 ¢helectronic states in the 2D hybrid is purely because

of the confinement of the DOS in tleeaxis (assuming the layers form in thb plane). This is

further evidenced through the analysis of the band structure of both systems.
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Figure 2.3:The UPS getra and the calculated density of states, offée 3D Hybrid perovskife€€HNHs)Pbk, and b)
the 2D hybrid perovskitd GHyNH;),Pbl, (Umebayashi Tet al, 2003)
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Figure 2.4:a) Theinorganic sets only of th8D structure of (CHNHs)Pbk and b) the 2D structure of (HyNH),Pbl,
(Umebayashi Tet al, 2003)
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Figure 2.5:The results of the &nd structurecalculations of) (CHNHs)Pbk and b) (GHyNH;),Pbl. The critical points
in the first Brillouin zoneof c) the cubic phase crystal structure of (NH;)Pbk , d) the orthorhombic phase of

(GHyNH),Pbl, (Umebayashi Tet al, 2003)

The structures of (GNH)Pbk and (GHoNH;).Pbl may be seen in figure 2.4bove. The
calcuated band structures of botlthe 3D aml 2D hybrids may be seen in figure 26and b)
with the critical points inQspace, for the generation of the band structure in thetfiBrillouin
zone seen in figure 2.6) and d).From the band structure plots the first important aspect to

scrutinize is the fact that the banddispersions in the vertical directions for the 2D crystal are
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close to zero i.e.3 @Y 'Y . The narrower2D UPS spectra and the localization seen in the
2D DBDSsupportthis finding.These flat band structure bandgive a further justificationfor the
observance ofharper absorption/emission spectra expected for a 2D sysésnthe momentum

of the (electron) Q and (hole) Q have a flat band gradient giving rise to less
absorption/emission broadenindn additionto the higher reduced masses and binding energies
(o wapQ dor this 2D crystalpbserved the band structure plotalso confirms adirect gap
transition at the critical pointY for the 3D hybrigand 3 for the 2D hybrid. Finally the bonding,
and anttbonding states that contribute to the electronic structure ahe Pb @i and lur) " -
antibonding stateswhich form the top of the valence band, and théb @i and |vi -
antibonding statesontribute tothe bottom of the conduction bandwhich was obtained from

the DOS calculationi®/mebayashi Tet al, 2003).

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

In the 2D layered hybrid perovskites, the hybrid layers may exist in vasitergtations. 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.§. The vertical separation ocauas a result of the use of a larger cation (purely
inorganic case KliF;) or a longer R group as seen in figure.2® organic inorganic hybrid
perovskites a prerequisite for the formation of the <100> orientation, is the use of either a
primary amine omprimary diamine (RNH;)/(HsN-R-NH:) 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 exampt€ RCHNH;) to allow enough space fahe

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 stke 3D perovskite maf is changed, as the octahedrertically separate.

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

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

cell. They may arrange @ither an eclipsd orientation, where the layers formiirectly over one
another (figure 2.7a), 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 theoctahedral layers above it. This is known as the staggered arrangeffigumte

2.7). The eclipsed and staggered arrangements are also known as the monoclinic and
orthorhombic arrangements respectivelfrurthermore both arrangements may exist in the
samehybrid 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 1989hould also be oted, an
important parameter when discussing the properties of these compounds is the interlayer
spacingThe interlayer spacing may be thought of as half the unit cell param@fer, example
where the layers form in theé) dplane The interlayer spaeg 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 eachyar 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 uniess otherwise

specified
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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 bahe 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 hasfarther convention of how the primary amine may hydrogen bond

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

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

terminal hdogen configuration may be definexbs twoterminal halogen hydrogen bonds which

are formedfromtwo of the A Y RA @A Rdz- £ K@ RNRISYyQa 2y GKS YY2y
halide hydrogen bond to the remaining hydrogen on the ammonium grdupe bridging

halogen configuration may be defined as two hydrogen ofwmed to the two bridging

halidesF NRY (g2 2F GKS & Bret@rmiRattialide HydrdgeIbah®d yhe a4 >
remaining individual hydrogen of the ammonium grodjnere are additional defiridns 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 tldemensionality and topologyof <100>hybrids

A study of the efct of how bulky the R group méecome before formingan alternative motif
from the <100> layers was conducted by (Billing D. G, and Lemmerer AZl for the Lead
lodide and Lead Bromide and chloride series respectively.pfihgary ammoniumtemplates
used for this studywhere the primary cyclic ammonium groups series from aylopropyl
ammonium to cyclooctyl ammonium catiorss seen irfigure 2.9 What was observed in the
Lead halogenatederies was that the 2D <100> orientation was maimed fromthe cyclopropyl
ammonium through to the cyclohexyl ammonium ringgwever wherthe largerrings of the
cycloheptyl ammoniumemplate was used different motifs were observedor all of the Lead
halogen hybridsFor the Lead iodide and bromide casHES, double layecorner sharingchains
extending abng the @00) 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 systemdt must also be noted that the lead iodide and bromide cycloheptyl
ammonium hybrids a not isostructural, they only adopt the same packing motif.

2

NH
NH, NH, HoN
XZ B i ; @ D

Figure 2.9 The primary cyclic amine templates used to ascertain at which ploénbulkiness of the template forces

new templated motif.

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

GKAYl 2F AdG0 a a6l @S tA1S NRoo2yaéd a (GKS | dziK2l
These bilayers are not quite 1D or 2D and perhaps may be consideedimtermediate case

(figure 2.1). 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 210: The Lead iodide and Lead bromide series form the same basic motitheitbycloheptylammonium
template. a) The cycloheptyl ammonium cation with ledglomide produces1D double layer corner sharing
octahedral chains. byhe side view displays the chain motif whicherables the <110> 2D layer mo¢Billing D. G,
and Lemmerer A, 2009)

Figure 2.11 The Lead Chloride dpheptyl ammonium hybridorming inorganic bilayers in the crystal may be an

intermediatedimension between 1D and 2Billing D. G, and Lemmerer A, 2Q09)
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FHgure 2.12 When thetemplatering size incrases from cycloheptyl ammoniuto the cylclooctyl ammonium cation

for lead Bromide, a newype of bilayer motif is formed as in the lead chloride cyloheptyl ammonium case. The
difference between them is observed when studying the bilayer topology. Ingttadly corner sharing octahedra as
seen in the lead chloride case, some of the RloBtahedra only have two corner sharing halides instead of four. This

motif alternateson the top and bottom edgeas seen in the picture aboyBilling 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, howevewary unexpected topology aris€Billing D. G, and Lemmerer A, 200

As the organic cation increasesth the size of the rindrom the cycloheptyl ammonium tthe
cyclooctyl ammonium cation in the lead bromide hybrige thybrid forms bilayers, just likbe
(C7)PbCI based hybrid, with the exception that ilayers are no longer regular corner sharing
octahedra. The new bilay topology may be seen in figure 2.there the PbByoctahedra now

only have two cornesharing halides instead of fowalong the top and bottom edges of the
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bilayer. The centre two ravs of the bilayersoctahedrastill adopt the regular corner sharing

motif type.

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

2D hybrid, with a comple layered topology as is seen in figure 2.Ihis typeof behaviour is
difficult to rationalizeespeciallywhen trying to reliably predict what the template will produce
with respect tothe inorganic motif. The final cyclooctyl ammonium lead iodide hybrid produces
a 1D single chaisystem consisting oface slaring od¢ahedral hybrid as seen in figure 2.14
below. The Lead lodide hybrid series appears to follow a more reliable dimensional reduction
scheme upon increasing the bulkiness of the cyclic ammonium temptagummary we note

that al three halogenatedC3C6 ring templated hybrids, form <100> 2D layers. Both lead iodide
and bromide form 1D <110> based chains with the C7 ring. And finally the ledé fodns
single chain 1D hybrid with the cyclooctyl ammonium tempbhateere the lead bromide and

chloridesystems appear to revert to a more 2D type motif.

k(]

Figure2.14 The cyclooctyl ammonium template with lead iodide producing 1D single chain face sharingdogtahe
(Billing D. G, and Lemmerer A, ZD0
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2.3.2<100>, <110> and <111> 2D orientations

We have discussed the origins of the <100> type orientations with géreeral formulae
(RNH),MX, or (NHRNH)MX, depending on whether the ammonium ion is either a meaodi-
cation. These structures incorporate multilayered inorganic sheets, which goarated by the
(RNH" ammonium cationsHowever there are other orientatiathat may be deducettom
the basic 3D structure ahseparated into 2D layers similar tile <100> caseThere are three
different orientations that the 2D layered perovskites naaopt, these being <100>, <110>, and
<111>. These orientations are definad 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 fageat theterminating surface (Mitzi D. B, 200 If we look at figure 2.1%he
orientation reduction from the bulk 3D orientation may be se&wr each orientatiomgiven that

n = 1lin each case2D layers are proded only in the <100> orientation. In the<110>
orientation, corner sharing 1D chains are formed, and in the <111> isolatgddMXctahedral

are formed.

From figure 2.13et us briefly redefine the <100> orientatioiihe general formula for <100>

single or multilayeoriented systems is (RNBEA. 1M Xan+1 (Where A = CHH; but may be any

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

the thickress of the inorganic sheet (Figeds- 0 ® | Sy O0S a4 y I k GKS RAYS
Thepurpose of this procss isto red shift the band gap and or increade mobility of electrons

within the layers We will discusthis processand itsimpact on the physical properties a later

section The <100> oriented systems have been extensively studied and the &Gstrgfounds

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

previouslyfor Sn and Pb <100> orientations for n > 1.
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Figure 2.15. 2D layered perovskite orientations. a) <100> orientedNHR),A,.1MXan+1, b) <110> oriented(R
NHs)-AM Xan+5 and ¢) <111> oriented RH:)A.1 M Xan+3(Mitzi D. B, 2004)

As alreadynoted the <100> orientation is the most common motif type howetrer <110>
orientation is also encountered but isiuch less common. The€l110> oientation as shown in
(figure 2.1%) has the general formula {RH;),AM X2 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 =2 case a smaflrganic cation is requireddweverthere does exista
compound that makes use ofdiamine that forms the <110> without the additional small amine
cation (GH13Ns).PxBr, (figure 2.16. Although this exception exists for the n = 2 cdee,n > 2
cases, aecond 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> orientatioreported cases for Sn and Pb based hybrid perovskitibslayers greater than.l1

Metal Halid  First Amine layers Reference

Sn ? CGHyNH; 2,3,45 Mitzi D. Bet al, 1994; 1995a,b

Pb I, Br, GHoNH 2 Papavassillou G. & al, 1993

Pb ICI GHuuNH 2 Elleuch Sgt al, 2010

Pb [ GsHiaNH; 2,34 Tanaka Kand Kondo T, 2003

Pb I, Br, GHi7NH; 2 Papavassillou G. & al, 1993

Pb ICI GHigNH; 2,34 Koutselas I. Rt al, 1996

Pb Br GoHioNH; 2 Koutselas I. Bt al, 1996

Pb,Sn(not I, Br, GoHaNHs 2{3(Pb Papavassillou G. € al, 1993 1995

Cl) Cl 1,Br)}

Pb | CH(CH)uNH; 2 Barman S, and Vasudevan S, 2009

Pb | CH(CH)isNH 2 Barman S, and Vasudevan S, 2009

Pb | CH(CH)isNH; 2 Barman S, and Vasudevan S, 2009

Pb | CH(CH)iNH 2 Barman S, and Vasudevan S, 2009

Pb | GHsGH:NH; 2 Calabrese &t al, 1991 Hong Xgt al, 1992;Ishihara T, 1994Kataoka Tet
al, 1994

Pb Br GeHsGH:NH; 2 Koutselas I. Bet al, 1996

Pb | HGC(CH)sN 2 Mercier N,et al, 2005

Pb | E'?Hgsclﬂ\ll-b 2 Zhu X. Het al, 2002

Pb I I3.OGHsNH, 2 Li H. H, eal, 2008

Pb Br H:CGH,.CHN 3 Papavassiliou G. & al, 2001

Pb Br EEHBNH; 2,3 Tabuchi Yet al, 2000

Pb Br CiHoNH; 2 Tabuchi Yet al, 2000

Pb Br GH:NH; 2 Tabuchi Yet al, 2000

Pb Br GHsNH; 2 Tabuchi Yet al, 2000

The <110> orientatiohas only been reported for a handful efstems and we will discuss a few
examples that hve been found in literature. Thin iodide systems with the general formula
(NHC()=NB)(CHNH),Snls3.+2 Where the structureof n = 14 have been reportedMitzi D. B,
et al, 1998) For the n = Icasei.e. the 1D corner sharing hybridase the (NHC(I)=NE)s;Mls for
M = Sn and Pb, (Wang &, al, 1995; Mitzi D. B,et al, 1998) and (NH:CSC(=NHNH;)Pbk
(Mousdis G. Aet al, 1998)havealsobeen reported For then = 2 case, where theecondsmall
A cation is replacel with a diamine, i.e. more correcthan imidizole in the compound
(GHi3Ns).Pb:Br, (figure 2.1 or a 2-(aminoethyl)isothiourea to give the hybrid2-
(aminoethyl)isothiourea]PbBr These twacompound were reportedfairly recently, as showin
improved optical propertieen comparison to thoseeported for the <100> orientations (Li ¥{
al, 2006 2008H.
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Figure 2.16. Comparison of the two <110> oriented perovskites aj3fdminopropyl)imdazole in PbBr b) Methyl

ammonium and lodoformamidinium in Snkhe diagram reference from (Mitzi D. B, et al, 1998; Li Y, et al 2006)
respectively.
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Figure 2.17 The<111> orientation i.e. @RIH),A,1M X3 here we seeran example of the n = déase,which gives
rise to isolated Sngbctahedra, the ideal OD cagBen Ghozlen M. Ht al, 1981)

The <111> orientation with the general formulaNRl).A,1MXsn+3 have also been synthesid
but are extremely rargMitzi D. B, 2008). In the casevhere n = 1 for the <111> orientation,
simply isolated Mgoctahedra would beexpected[the 0D case GNHPbk.2H0 (Vincent B. R,
et al, 1987)] Essentially the n = 1 case gives us the ideal OD hyHmnid. system has been
reported for a SnGlcase, as @n in figure 2.17Unfortunatelyfor this orientationandfor the n

= 2stiochiometry to be maintainede. (RNH),AM,X the M oxidation state must be trivalent,
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assuming A is a monovalent cation. Hence the compoundsN{&EBLBr, [NH(CH),]:SBCE,
and [NH(CEJ5)sSkCl are three examples that fit into n = 2 <111> lay@igzi D. B, 2004).

2.3.3  Group 14(IVA) <100> hybrids and the fene pair sterecchemicalactivity

With the various orientations fothe 2D hybrid perovskites havingow 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 Grstems, we will only discuss their properties
here. Although Bi and Sb hybrids may alsoifalhe <111> 2D class, they have by definition

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

Before embarkig 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 theugrdlV) organic

inorganic hybrid perovskites and their ability to be structurally tailored.

In thegroup 14 (IVA) metal halides, the metal cations which form 2D hybrid perovskites, exist in
a divalent state. This gives rise to a nonbonding lone pair that sits on the metal which should
result in the coordination geometry to be lowatt 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 isat the case as these metal halides readily form 2D hybrid perovskites
with corner sharing octahedra, with of course the cotretoice 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 stecbemical activity of the
nonbonding lone pair is important when tuning the banapgd the semiconductor.tlis also
important to note that the stereachemicalactivity of the lone pair in group 1das been found

to increase in activity with the following trend, SO0 "Y&'O'O "OCQO'OThe reason for this
may be attributed to the in@ase of covalent character betwedme metal and thehalide ligand
(Mitzi D. B, 1996).

It should be bought to the readers attention that there are numerous reportsRiif and Sn (I1)

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

systems (Papavassiliou G. C, Koutselas 1.B, 1995, Mitzi D. B, 1996). Thimiahjpydsecause of
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the decreasing stability of the group IVB Ge(ll) oxidation state when moving up the group on the
periodic table. The 3D perovskite family of AgEX= Rb, Cs; X = ClI, Br, 1) however have been
readily synthesized, and characterized struatly and electrically (Guendt al, 1982; Thiele G,

et al, 1987). It was found that CsGe$ of particular interestbecauseit displays metallic

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

Mitzi investigatedthree systems to ascertaithe above mentionedstereo chemical activity
model, namely(GHyNH)-Pbl, (GHNH:),Snk and (GHyNH:),Gel, hybrid perovskites. The Pb and
Sn hybrids are basically isomorphousand both metal halide systems crystallize in the
orthorhombic space group @ @the Pb systems unit cell parametare &0 & @ oCp),

© YHYpuv and @ ¢ W X g B, with the Sn unit cell parameters being

R oxuv e yppwpv,and® ¢ ® @ ¢ v. The Ge compoundrystallizes in the
space groupd @ &, éwith the unit cell parameters similar to the Pb and Sn systems, with
O Y ccutv,® U& x ptov and® ¢ @tp p v, however it does not form an

isomorphouscrystal structure tohat of the Pb and Sn systems.

The aux of thisinvestigationis observed from the structural investigatiar the bond angles
and bond lengthsof the metal halide octahedrdn the Gel case, theGel bond lengthswvere
observedto be greatly distorted, with Gel equatorial bond lengths ofo& p ¢ B and
¢& o x B) experiencingthe greatest distortion wheras the axial Gel bond lengths of
(o8t p ¢ B and o8t v @ B) were much less soA simiar range of Gé& bond lengths ere
observed in the rhombohedrally deformed room temperature perovskite structure of ¢sGel
(Thiele Get al 1987).The 2D I-Gel bond anglesalso significantly deviatd from 9C i.e. they
ranged from 81.18(6 to 93.36(65. These bond lengths and angles establish the highly distorted
metal halide octahedra even with the use of a non pulinine cation butylamine for GAl
hybrids.

The Pb ad Sn systems displayaduch smaller deviations inond lengtls in the Ml octahedra
than that of Ge structure Where the M-I equatorial bond lengths were observed to be
o cp Bandop o p Bfor Snlando® x g Bando® x x B for Pbl whichboth display
increasel bond length distortionsrbm their respective3D (CBENH;)MI; analoguesNiitzi D. Bet
al, 1995b;Knop Oegt al, 1990Q. The axial bond lengths also shemhonly smalldeviationswhich
arec® @ § Bfor Snlando® m g Bfor Pbl. The M-I bond angles displayed no deviation for

both Pb and Srhybrids in the axialpositions; however diddisplay some deviation in the
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equatorial positions which rangefrom (86.97(4j to 93.03(4j for Sn and 86.32(8}o 93.68(5)
for Pb).

The bond angle that habeen attributed to have th@reatestimpact on tuning the band gap for
each individual metal, and impact trstereo chemicalactivity of the lone pair is the NtM
bridging angle between the Mbctahedra(Knutson J. let al, 2005) This angle is 166.27{8pr

Ge, 159.61(5)for Sn and 153.9(65 for Pb.This trend counters our originalypothesisof the
AYONBI &S 2F (KS t2yS LI AN Imetl Ecdthed dsORIBICAWS |
proceed up the grouprhisrelationshipdoeshowever still hold wherethe increase in the stereo
chemical activity of the lone pair increases as the covalent character of the ligand
increasesd GJO'O "YE'O'O "OCGOO However as the lone pair is bettespatially
accommodatedas we proceeddown the group e manifestation of an alternate distortion
mechanism through the MM bridging angle becomethie greater influence on the lone pair

activity for the larger metaléMitzi D. B, 1996)
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Figure 2.18 Luminescence emission of &JuHyNH;),Gel, b) (GHoNH),Sn) ¢) (GHgNH),Pbl, figure adapted from
(Mitzi D. B, 1996)

In figure 2.18the luminescence emissions of these three compounds may be seere viihe
emission blue shifts when proceedirdpwn the group. To my knowledge shis the only

reported case obptical characterization of @D Ge based hybridThis is largely due tall of
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these compoundsbeing sensitive to oxidation, and need to be synthesized in an inert
atmosphere. The stability of the compound toward degradation from oxidation follows tinel tre
"0Q "Y&¢ 0 qwhere Ge and Sn systems are only stable in air for a few miniutes, whereas Pb
is stable for much longer periods (Mitzi D. B, 1998ifzi also reported that the luminescence
peak intensity decreased in the following ordercO'0O "Y&'O'O "OCO"Quhile the peak
width increased and the peak shifted framg & ato @ ¢&udto @ wendrespectively(Mitzi D. B,

1996)

2.3.4 The effect of structural distortions on the stereo chemical activity of th& lone pair of
<100> (ASn} hybrids.

Knutsonand coeworkers (Knutson J. let al, 2005) studied 15 different tin iodide hybrid
perovskites (table B) to explainthe distortions observedwithin the tin iodide octahedra.
Extended Huckel tight binding barstructure calculatios were carried out to aid in the
investigation, as well aa comparison wittstructural data (unpublished). It has been proposed
(Mitzi D. B, 1999hat the shift in band gap may Hargelycorrelated to the Si-Sn bond angle
between octahedra, away from the ideal undistorted angle of °18there are four casesf
distortion that may occur within the layerd-irstly the undistorted, second-piane distortion,
thirdly out-of-plane distortion, and fourthly a combination of irand out-of plane distortions
(figure 2.19. To fully understand the affect that distortion has on the electronic structure, one
has to considethe orbital overlap, and the band structure. The orbital based analystheof
electronic structure revealedhat the main group halides dispersion will originate fromg

interactions between the main group metal and the iodmerbitals (Knutson J. Et al, 2005)
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Figure 2.19Schematic of 2D perovskite sheets which shows the (a) undistorted lattice;gglania distortion, (c) out
of-plane distortion, and (d) combined-imnd outof-plane distortion. The green box highlights the unit ¢hbt

describes each lattice (KnutsdnL gt al, 2005)

In the SA" oxidation state, the highestccupied orbitals will be localized on the ShoBbitals,

and thus, these orbitals are the origin of the top of the valence band of the extended lattice. The
lowestunoccupied orbitals, localed on the Sn b orbitals, are the origin of the conduction
bands. In an octahedral Smholecular fragment, both the Ssaandp orbitals will be destabilized

by the™ -antibonding interactions by the iodinggand S orbitals. However, in the infinite ldte

of the inorganic layers, the extent of the-Bantibonding interaction gives rise to the dispersion

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

The conduction bands derived from the Sp &rbitals show much more distinct directional
chaacteristics. The band derived from the Sp, ®rbitals (in the axial direction)shows
effectively no dispersion in the 2D perovskite because when @sirglkyl ammonium catioto
separate the tin iodide layers fom one other, the ~-type Snl interactions in the plane
perpendicular to the long unit cell edg® longer interact Then each of the Sm, and p, bands
display significant dispersions where strong antibonding with the iogirsed p, orbitalsoccur,
and much weaker antibating nteractions with the 4 orbitals arealsopossible (Knutson J. &t,

al, 2005)
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Figure 2.20Plot 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 é'merovskite type latticéLeft). A plot of the band structure of the 2D
tin iodide hybrid perovekite showing theelevant band contributiongRight)(Knutson J. L, et al, 2005)

In-plane distortions have a more drastic impact om thand gaghan outof-plane distortions.
Bending the ShSn bond angle away from 180where maximal orbital overlap is achieved,
results in the loss of antibonding interactions between thesSsrbitals and the Ip, and p,
orbitals and in so doing lowering the top of the valence band. This means thatdtethe Snl-
Sn bond angle devies from 186, the larger the band gap becomes, as show(figure 2.20
(Knutson J. Let al, 2005). This #plane distortion is in part responsible for the lowering of the

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

Outof-plane distortiors affectthe Snp, orbitals fromwhich the bottom of he conduction band

is largely unchangely distortion. The xial SAl bond distances also distort and determine the
energy of the flat Srp, band, however theyhave no direct impact o 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 bdbegiations of
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the equatorial SA bond distanceslo have a moddasimpact on thematerialsband gap.The
shorter SAl distances result in the destabilization bttop of the valence band because of the
increased antbonding while the nonbonding crystal orbitals of the bottom of the conduction
band are not really affected by the variations of thelSwond distancesThis results in aed

shiftedband gap.

Tabe 23: The structures studied by (Knutson J. L, et al, 2Q0%) all these materials have bedully characterized

crystallographically)

Metal Halogen Amine Reference
Sn | 4-CIGHsGH,NH;" i, iii, iv
Sn | 2-CIGHsGHNH;" i, iii, iv
Sn | 4-FGHsGH,NH;" i, iii, iv
Sn | 3-FGHsGHNH;" i, iii, iv
Sn | 2-FGHsGHNH;" i, iii, iv
Sn | GsRGHNH, i,V

Sn I GRGHINH" & 2-CioHhGHANH | i, v

Sn | 2-BrGHsGH,NH;" i, iii, iv
Sn I 2-(CR)GHsGHaNH," I

Sn | GeHsGHNH;" i, fii, viii
Sn | 2-CioHGHNH" i, iv
Sn I 1-pyreneethylaminé i, iv

Sn | GHoNH;" i, Viii
Sn | CioHaNH" i, Vi

Sn | (CH);N'CHCHNH," i, i

i) Knutson J. Let al, 2005; ii) Xu Zt al, 2003; iii) Mitzi D. Bet al, 2001b; iv) Xu Zet al, 2003; v) Xu Zand Mitzi D.
B, 2003¢ vi) Xu Z, ad Mitzi D. B, 2003dvii) Mitzi D. B, 1996 viii) Papavassiliou G. &,al, 1994

Interlayer II contacts have shown enhanced interaction between the layers (¥t al, 2003)
when using a shortlication This aparently causes a substantial shift of the exciton state
associated with the band gap toward lower energy, compared with otherl&mdred hybrids.
This narrower band gap appears to be associated with the interldystah der Waals contacts.
The compoud that has displayed this interaction is [(ENCHCHNH]Sn} (Xu Zet al, 2003).
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2.3.5Electrical transport of <100> and <110> tin iodide based hybrid perovskites
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Figure 2.21: Temperature (T) Vs Resistivity) (0f measurements of [NI€(I)=NH,(CHNH:),,Shlam+2 Where m = 1
generates corner sharing single 1D chain systems, and m = 2 generates the <110> 2D topology. Furthermore

measurements of (ElgNH;),(CHNH),.1Snls,.1 are also displayed. For n = 1 the common <100> topology is
generated. (Ntzi D. Bet al, 1995a; Mitzi D. Bst al, 1994)

The hybrid material that has shown the most promising electricalsjpart properties have
been the tn iodide based hybrids. As has bed#scribedin previoussectiors, there existstwo

main topologies i.e. the <1000&HNHs)(CHNH),.1Shilsn:1Wwhen n = 1 we obtain the common
2D single layer hybrid, and the <110> [SH)=NH(CHNH;)Slsm+2 the less common 2D
topology is obtained for m = 2. As displayed abavdigure 2.21a plot of temperaturevs
resistivity © has been done for both types of topologies for increasing n and m values

respectively An mportant point to note isthe band gap of thec110> for m = Zase. ltshand
gap was calculated using threlationship” 0 ‘Q wH— . Taking thed &f both sides of the

equation and plottingl/T vs In{) asseenin the top corner of figure 2.2 straight line can be
achieved The gradient of thewrve gives us the band gap, B§ = 0.33(5)eV. The band gap fo
this topology is much lower than the lowest reportedsefor the n =1 <100> systemg; =

P& 2 wHowever as n and m are increased to 3 the resistivity becomes comparable for both
systems. Furthermore the electricabnsport makes a semiconductts metal transition an =

4 which corresponds to aell thickness of 25A. For n and nitsthe systems becomtully three
dimensional. The metallic transitiaoccurs asa result of the dispersion of the &s hybridized

with the I5pvalence2 Nb A (0 | fth@ & F1)dire€ti@nyinhe cubic brillouin zone (special point
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R) for the 3D Sg(A) hybrid. The S&sband slightly overlaps with the conduction Spband,
giving rise to the semiconductor to metal transitigditzi D. B,et al, 1994; Mitzi D. Bet al,
1995a).

This property has been exploited in the Snl family of 2D hgbaidd has given rise to a large
amount of literature published on the transport properties(@fpSn} based hybid perovskites.

In addition the(A»Sn} systems have been deemeanorthy systens for useas thin film field
STTSOG GNI y&aAaild2NH2®X GHOEREDUsdok (GHGHNHEINRBe®W T S O i
in figure 2.22a device built by (Kagan C.d&,al, 1999) that displays theigh FETY 2 6 A ffok (i & Q&
this compound Further work has been completed by (Mitzi DeBal, 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.

N
&%@k g Jj"~smf‘ /
NN 3

Polyimide

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 processedyar (Mitzi D. Bet al, 2002)

More Recently Takahashi and-aorkers (Takahashi ¥t al, 2007) have shown the tuneable
transport ability of the (ABnk hybirds, by merely tuning the band gap of the compound by

varying the A template. The resistivity asirements are spread ovarwiderange of values as
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the template is altered. The results edisplayed below in figure 2.23 simple discovery was
made, that as the band gap of the material is decreased, the resistirdisticallydecreases.
However the important aspect to consider is that even though lbland gaps of these materials

aregreater than 1eV, theesistivities of the compounds astill fairly low.
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Figure 2.23 Temperature vs Resistivity )( for IPy (2-pyridine) C4 (Butylamine), AEPisHzupNHGH,NH;), GABA
(HOOCEHNH;), IC4 ACHsNH,), TRA (HOO@GCHNH,), PEA (§1sGH,NH), and C5di (INGHiNH) in (A)Snk
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 measuremengke placqTakahashi ¥t al, 2007)

2.36 The <110> orientatiorand the dfect on the land gap of leacbased hybrids

To my knowledge there have beemly threereported cases of th@D <110>orientations forPb
and Snhybrids. The frst reported caseis the [NHC()=NHK,(CHNH:),Snls (Mitzi D. B,et al,
1995a) which has been discussed in gnevious section. Ae two other reported casesre the
lead bromide <110> systems df-{3-aminopropyl)imidazole]PbBri.e. [(API)PbB} and the
highly distortedlayers of[2-(aminoethyl)isothiouredfbBy; (Li Y,et al, 2006, 2008h) In the
imidazole <110> hybridase the cation was chosen for one of two reasons. Firstlyvas

probable that this template would arrange the inorganic comgot into the <110>
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arrangement.And secondlythe imidazolering is a good electron acceptomn whicha charge

transfer interactionmay take place between theorganic layers and the iaazole ring

The crystal structuref (API)PbBrreveals that the important MM bond angle (which has the
greatest effet on the stereochemicalactivity ofleads lone pair of electrons) was found to be
162.68 and 171.88in the vertical and horizontal directions respectivefyurthermore the PtBr
bond lengthswere quoted torange from 2.78&; 3.261A which confirms the sterethemical
activity of the lone pair (Li ¥t al, 2006).However a fairly complex photainescence emission
spectrum wasobtained for (API)PbBr as a charge transfer interagti occurs between the
layers and théAPlligand The sharp excitonic emission expected from itimrganiclayersis still
observedat 1 ¢&t & however it isaccompaniedby a broad emission ab méocd This was
assigned to aharge transfeilinteraction occurring from theinorganic layers to the imidazole
electron acceptor ringdn the hybrids crystal structuréhe imidazolerings of theAPIligand in
the hybrid vere observed to have ‘a© “ stacking distance of only 3.5588ince it is generally
consilered that a* © “ stacking distance should range from 2,3.7A,this short interaction
should give rise to an acceptor band, between the band gap of thgamic componentfor the
charge transfer interactiono occur Thecharge transfemechanism prposed by (Li Yet al,

2006 may beseen below in figure 2.24

CB[C2p(T*) N2p(t#)) CB[C2p(1t¥) N2p(10#)] CB[Ph(6p)]
A 5 s
ET
B E : Exciton
level
EX EX EM EM EX
360 nm| 436 nm 360 nm 503nm 424 nm 398 nm
Y
VB|C2p(m) N2p(m)| VB|C2p(T) N2p(m)) VB|Pb(6s)+Br(4p)]
A J
Y
APl * 2HBr Perovskite

Figure 2.24The charge transfer mechanism proposed by (leté), 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 2.25The crystal packing o2{aminoethyl)isothiourea)PbBriewed along thé®01 axisa) where the octahedra
are largely distorted, and adojpt staggered arrangement, whexe the (API)PbBadopts an eclipsed arrangement. b)
Crysal packing view along 010 axls Y et al, 2008b)

The final<110> orientated2D hybrid of[2-(aminoethyl)isothiourea]PbBwas reported fairly
recently (Li Yet al, 2008b) The aim of using thi:mew template was to suppress the charge
transfer interactionobserval in the previous caseHowever ahighly distortedinorganic<110>
layer was obtaird, as seenn figure 2.25 The crystal structure reveals the-BbBr inter
octahedral bond angle to range from 144.23(apd 170.54(2)in the vertical and horizontal
directions respectivelyFurthermore the PHBr bond lengths range from 2.84403.1569(6)A.
The vertical PiBr-Pb bond angle of 144.23f4% highly distorted in comparison with vertical-Pb
Br-Pb bond angle of 162.86&or (API)PbBr The PbBr bond lengths are less distortéuan in the
(AP1)PbBrstructure. As we know from thes’ stereo chemicalactivity, as the PiBr-Pb bond
angle deviate from 180 the valence band drops in energy, causing an increase in the band gap.
Thisis observedn the [2-(aminoethyl)isothiourea]PbBds excitornphotoluminescencemission
at T e & which isblue shifted compared with(API)PbBrPL emission of ¢ét ¢ (due to the

inorganic only).

There is only onesignificantadvantage of the <110> orientation over the <100> orientation. This
may be seen in the red shifted band gap seen in both the Snl and PbBd hgbed cases
However large distortionsf the inorganic layersnake theband gapcomparable with the band
gaps reported foother PbBr<100>hybrids(Tabuchi Yet al, 2000) An advantage othe single
cation approach to synthesizthe n = 2 <110> orientation, is that they may be readily solution

processed into thin films for electronluminescent type displdysy, et al 2006, 2008yhereas
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the two cation approach as se@mthe tin iodide based hybrids thin films are a greater challenge

to grow.

2.4 Different motifs generated through varying M/X and cation rati® a

We have now discussed the perovskite type orientational generation of 2D, 1D, and 0D hybrids
from a dimensional reduction frorthe 3D perovskite variousrientations. However there are
other ways to generate low dimensional systems and unustrattural motifs which follow a
different set of dimensional reduction rules. This haemaliscussedhoroughlyin a recent
review article from (Mercier Net al, 2009). Thenypothesis standsrothe idea of varying the

ratio of M/l to generate various clusters, ribbons, and layers,aligring the organic cation
interaction with the surface of the inorgancomponent(Table 2.4 and 2)5 This is achieved
through promoting intramolecular interactions such as hydrogen bonding,“ interactions

weak Van der Waalsteractions,S...S type interactiorend lastly solveninfluences(Mercier N,

et al, 2009).Bulky cations have also been used in orestudy 1Dhybridsand OD clustersThe
extensivdy studied systemsf Krautchield H,andes 2 N] SNA X Ay GKS onQa | yR

yielded somepleasingresultsand form the basis of the literature

Tables2.4 and 2.Hisplay the results of the I/M ratios of Pb/Snl and Bi/Sbl based hybrids with

the differing I/M ratios generating th&arious dimensions with Table 2showingall the lead

iodide hybrids quoted from the CSD Nov 2009. There are many otherteedead iodide hybrid

cases, however their structuréfiSd R2y Q0 & S S YThdiother BilddtutdKanditke® / { 5

properties will be discussed in later sections, specifically for the <2D@nd 1D cases.

Referringto table 2.6(Krautscleld H, and Vielsack F, 199% e the firstauthorswho managed

to synthesize the 0D clusters of: R, Phl»”, and Plyl,s®. These clusters where synthesized
with the bulky diammonium group of [(BfN(CH).,N(Bu}]**. The cluster sizeshere altered
through varying thel stiochiometry(in the form of Nal)and the ratio of the solvents used for
crystallization. The solvent contribution for cluster and ribbon formation is as important as the |
ratio added to the solution. This was obseavin 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 thepkst Ml formula unit reported
(Mercier Net al, 2009).

t

(]

Dimensionality

2.4 Phylio* Pbyel,"

2.57 Pbrlig Plylig

2.8 Phyolg Plyli4

3.14 Pbil,,

3.33 Phylio Malyo* Msl10*(1p)

3.6 Phylig

4.4 Phyls,

4.66 Phyli4

6 Ml
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Table 2.5:All dimensions of bismuth and antimony iodide shown as a I/M ratio, with tiplest M| formula unit
reported (Mercier N,et al, 2009).

Dimensionality

3.6 Mslig*

3.75 Biglo

4 Mali Msly* M,

5 Malio MIs*

M = Bi and Sb; * structural isomers exists S T p&dvskie fayer;
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Table 2.6:.CSD search for lead ioditigbrids (Nov 2009).

I/M ratio Amine IIM Dimensionallity ~ Reference

(GeHssNo)™" Phiolzs Krautscheid H, et al, 2001

(GeHaeN)" Phiglas oD Krautscheid H, Vielsack F, 1995

2.57 (GiHeoNp)* Pbylis Zhang Z. J, et al, 2008

(GHiaNy)" Pbk Miyamae H, et al, 1988

(GHuN)* Tang Z, Guloy A. M, 1999

(GiaHoeNo)™ Krautscheid H, et al, 2001

(GioHeNy)* Li H. H, et al, 2004

(GigH1gNa)* Sarker K. K, et al, 2006

(GHiNLO)™" Sun L. G, et al, 2009

(GHaoN)™" Phylis oD Krautscheid H, Vielsack F, 2000

3.33 (GHaN)™ Phlio 1D Krautscheid H, Vielsack F, 1997

3.33 (GuaHasN)™" Phlio oD Krautscheid H, Vielsack F, 199¢

3.33 (GoHigNo)™ Phslio 1D Corradi A.B, et al, 1999

3.33 (GHuNS) Phlio 2D Raptopoulou C. P, e, 2002

3.33 (CsHhaNiO:S)” Phslio 1D Maxcy K. R, et al, 2003

3.33 (GHuNY)" Phlio 2D Billing D. G, Lemmerer A, 2006¢

35 (GHeN:S)" Phyl; 2D (P) Zhu X. H, et al, 2002

(GHioNy)" Phyolss 1D Billing D. G, Lemmerer A, 2006k

(GHIN,S)* Pbl, 2D (P) Zhu X. H, et al 2003

(GHLSNy)™" Phsl2, Louvain N, el al, 2007

(CGH1NLOy)" Phyly 2D (P) Li H. H, et al, 2008

(GoHNS)" Pbk Zhu X. H, et al, 2004
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6 (GHeNy)" Pbk 0D Vincent B. R, el al, 1987

6 (CngzNz)2+ Pbk oD Billing D. G, Lemmerer A, 2006¢
6 (GiHieNo)* Pbk 0D Zheng Y. Y, et al, 2007

6 (C:‘HM&NZ)Z+ Pbk oD Louvain N,et al, 2008

Another exampleof this phenomenon was reported by (Krautschield H and Vielsack F, 1995).
Againthe use ofa bulky ligand[Bu)N" produced two different products by simply adjusting the

blIL FyR a2t @Syl NI (A2 Q34,U0D clush® dtiuzQlS facd sharag NJ G K S
octahedral chains of Pl Both methods were easily optimizedh order to obtain100%yieldsto

gengate their respective productdt was observed thaas the Nal concentratiowasincreased

and orwas in excessthe Pbk chains formed in complete preferenawver the large cluster

formation. Hence in order to produce the large clugtea stoichiometit amount of Nal was
necessaryFurthermore the general trends seen in table 2.@Mercier N,et al, 2009) and the

CSD data base search in taBl6, showthat bulky ligands favout 2 ¢ L k a fiidnlarge2 Qa A ® S

clusters orbulky ribbons. Thisvas also observedwith the lowest I/M ratio of 2.4 with 10Pbl

ribbons of the quaternary phosphonium cation of (2®) reported by Krautscheid Het al,
1996).

Figure 2.26 The cystamine cations ability to template various lead iodide structural motifs with the general formula
Phylanszi "2 (Mercier N et al, 2009).

Mercier and ceworkers have found a different but similar trend using tlugstamine
(HsN(CH),S(CH).NH) cation asseen in the figure 2.26A group of 1D motifs reduced frothe
<100> type orientation, which incorporaeither neutraH,O or b, or thecharged HO" or I into
the hybrid crystallattice in order to maintaina chargebalance The four compoundsform 1D

sheetsgenerated from thegeneral formuIaPQI(4n+2§2”+2> for n = 1, 2, 3 and FHowever the
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cystamine cation also generates thraditional 2D <100> hybrid perovskite, which was reported

recently by (Lemmerer A, Billing D. G, 20a40) a psedopolymorph of the n = 2 structure,

where the HO' cation is replaced with the hnion The overall formula changés order to

accommodate he newcharge;however the structural motif remains the sam#ée reported

structuresformed bythe cystamine catiomgeneratedwith Pblare listedin table 2.7 Whathas
becomeapparentis the ability for the cystamine hybrids generate pseudopolymorphand

variousinorganic motifs Furthermore this observatiohas been attributed to the ability of the
cystaminecat2 y (2 &0GloAfAT S GKS @GFNR2dza 6811 AyidSNI Of

moleculesbecause of the-S bridgsintermolecular stabilizig effect(MercierN, 2009)

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

Hybrid Formula Solvent  Anion Dim I/IMratio  Reference n value
(HsN(CH),S(CH),NH;),Pbk.| none I 1D 5 Lemmerer A 2
Billing D. G, 2010
(HsN(CH),S(CH),NH:)Pbk.(H:0) H:O none 1D 5 Mercier N, et al, 2%
2006
(HsN(CH),S(CH),NHs),Pbl, none none 2D(P) 4 Lemmerer A.
Billing D. G, 2010
(HsN(CH),S(CH),NH;)Pbk-2H0 H:O none oD 6 Louvain N,et al, 1
2008b
(HsN(CH),S(CH)oNHs)4Pbsl14.15 none I, 1D 4.67 Louvain N,et al, 3
2007
(HsN(CH),S(CH),NHs)sPhyl,,-4H0 H,O none 1D 4.4 Louvain N,et al, 5"
2007
(HsN(CH),S(CH),NHs)sPksl,: 2H0 H,O none 1D 4.4 Louvain N,et al, 5"
2007

Y LJASdzR2 L2 f @ Y2 NLIK a*Strudtutalp8lyanBrphleldsts &t YiighNdriiietature

Figure 2.27 Important intermolecular interactiongonsideed when growinghybrid materials A and B represent an

FRRAGAZ2Y 2NJ adzo NI OlGA2y 2F Y I ¥K2NBEODYAPRdzOAGER2YEOF REDOEG IARY R
give rise to a newly defined inorganic subunit (A andr@@rmolecularinteractions need to be considered in order to

stabilize surface interactionisetweenthe inorganicinterfaces as well as with other orgéc moieties present in the

crystal(D and EfjMercier N, 2009)
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Mercierand ceworkershaveperformedmany other studies on theffect of the presence of the
sulphur atom in the cationic moiety (thesérsctures are reported in table 2)7and taken ind
account the work establishegrimarily by Krauschiedand put forward a mechanism fonybrid
formation as sen in figure 2.27 The diagram illustrateghe 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 winchanic units may be added or
subtracted for the simple single laye2D hybrid or the multilayer hybridformation.
LYO2N1LER2NI GA2Y 2F | Gazt@dSylikolyA2yAO FyR OF GAz
defined inorganic subunit (A and C). Furthermore intermolecular interactions need to be
considered in order to stalize surface interactions between the inorgamiterfaces as well as

with other organic moieties present in the crystél and E)A further example not included in

the mechanism above, is the mmporation of solvent into the ybrid, and still be ableo
maintain the <100> 2D single layer motif. This was successfully accomplished by (Mi&tid). B,
2002b) by investigating fluoroaryl type interactions with (BEA).(GF), and (&
PEA)SNL.(GH).

2.5 Optical properties and Photoluminescenoé<100>2D hybrids

Photduminescence is a useful tool usedhen studying the electronic properties of
semiconducting material Generallyhighly efficient luminescence for device applications is
restricted to the Group (IV/V) metal halide hybrids. Hoesethe transition metal hybridswhich
are better known for their low dimensional magnetishavealsoshown luminescent properties
in the Mn based hybriel The aliphatic hybrids of (&..NH).MnX, for n =1, 2 and 3, have
displayed a red emission for the octahedrally coordinated (Mn&istems which is a resultant
transition from “T, to °A; electronic state. Because Ninis a3d® compound, it experiences a
strong crystal field splittinggiving rise to this transitionfhe luminescence emissions for n =21,
and 3have been reported at room temperature to lbewex ¢, v YPapdand @ TEC drespectively
(Morita M, and Kaeyama M, 198Tsuboi T.et al, 1995. The Mn} hybrids R2 y Qi  F 2 NXY
octahedrally coordinated systems, brdther isolated tetrahedral complexes. This is due to the
weak crystal fielcand the weaker ligand field strengtand the largerlanion over Cl A green

luminescenceesults from the tetrahedral coordinated Mytiybrid.

Although luminescence has beereported in the transition Mn hybridsmore efficient

luminescence for device application heeallybeenrestricted to the group (1) metal (hplides.
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From the three metal halide systems (Gel, Snl and Pbl)eg Hybrid hasbeen shown to
display the narrowest and most intense luminesce emissions out othe group (IV)metal
halide hybrids.This is due tdhe lead hybridsability to increasethe excitors binding energy i)
and oscillator strengtltompared tothat of the tin and grmanium iodide hybrids (Mitzi D. B,
1996).An examplein which this phenomeno was demonstrateavasfor the Sn and Pb hybrids
of (GHsGHHH:),MI,4, wherethe reported binding energiesvere 220meVand 160190meV for
Pb andSnhybrids respectivel{Papavassiliou G. C, 1996)

2 RT T T RT R
1D 2D 3D
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] 4,60 i
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= '
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Figure 2.28The Optical absorption for a) 3D (§BHik)Pbk, b) 2D (gH;oNH:),Pbl, ¢) 1D (NH2C(l)=MN&Pbk and d) OD
(CHNH)4Pbk.H,O crystalgPapavasilliou G. C, 1997)

As discussed in chapter, Himensional reduction results in two types of enhancements
experienced by amaterial. Firstly, is the widening of the band gap thfe material as the
dimensionality isdecreased 3D to OD)as explained through the density of statealculations
This maysimplybe observedby the colour of the crystalwhichspecificallyfor the lead iodide
systemsijs observed to undego a transition fromblack (3D) to colourless (0Dpon dimensional
reduction Furthermore theabsorption peaks at room temperature for the 3D §NH)Pbk, 2D
(GH1oNH),Pbl, 1D (NH2C(1)=NHPbk and 0D (CkNH;),Pbk.HO arex véma v péng 1 @end
and o x & arespectivelyfurther illustrating this phenomenon(Papavassiliou G. C, 1996yure

2.29.

The second enhancement that is observed is the in@@asxcibn binding energy wittthe
decrease in dimensionalityA large increase in oscillator strength a¢so observed with the
decrease in dimensionalitgs displayed irthe lead iodide hybridst¢ per formula unit for
(GoH21NH),Pbl, compared tor@dt qer formula unit for (CENH)Pbk) (Ishhara T, 1994)These

enhancemets are important as they resuih highly efficient photoluminescence emissions at
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room temperature Asdiscussedn the theorysection a decrease from 3 2D should result in

a fourfoldincrease irnthe excitonsbindingenergy The binding energgnhancementargument
becomes less trivial for the 1D and OD cases, so we are just going to discuss the 2D cases here.
For the 3D to 2D case in lead lodide the binding energy has been measured to BeQ das

three papers have reported different valuagich lie betweert ™ v 11 ‘@, the averagevalue

is simplyquoted, (Ishihara T, 1994; Hirasawa kt, al, 1994; and Tanaka &t al, 2003) For the

2D system (§EGH;HH;),Pbl, the binding energy was measured to’be ¢ atQ dPapavassiliou

G. C, 1996), which is consistemith the theoreticalbinding energyfor a 2D systenteing four

times greater tharthe 3D analogue.

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

some Pbl based hybrids.

Metal Amine Dimensionality Exciton OA PL(nm) Binding Reference
Halide (nm) energy
Pbl, C1 3D 753, 759 753 ~45meV
c4 2D 484 490" 300meV Ishihara Tet al, 1990
C6 2D 516", 530, 361meV Tanaka K, Kondo 1
2003
H.NGNH; 2D 483 150meV Papavassiliou G. C
1997
c8 2D 484 490" 380meV Ishihara Tet al, 1990
c9 2D 514, 484 490 300meV Ishihara Tet al, 1990
C10 2D 517, 484 Slz;, 370meV Ishihara T, et al, 1989
49
C12 2D 484 490 300meV Ishihara Tet al, 1990
PEA 2D 517, 527 520 220meV Ishihara Tet al, 1990
C9 2D (2L) 562-564 181meV Papavassiliou G. C
1997
C9 2D (4L) 630° Papavassiliou G. ¢
1997
C10 2D (2L) 556564 575 Papavassiliou G. (
1997
C10 2D (3L) 600 612 Papavassiliou G. (
1997
C10 2D (4L) 632 652 Papavassiliou G. C,
1997
PEA 2D (2L) 564, 576 574, 170meV Hong X, et al, 1992
580
C5 2D (2L) 557 569 230meV Elleuch Set al, 2010
GHsSCH 2D (2L) 562 Zhu X. Het al, 2002
NH;
C6 2D (2L) 580 260meV Tanaka K, Kondo 1
2003
C6 2D (3L) 614 150meV Tanaka K, Kondo 1
2003
C6 2D (4L) 646 100meV Tanaka K, Kondo 1
2003
Pbk C1 oD 377 364 372 545meV Papavassiliou G. (
1997
Pbl, 4-FPEA 528 530° 540meV Dammak Tet al, 2009

Cn = aliphatic, PEAphenylethyl ammonium, a = RT, b = LNT4@K, d =2K, e = 10K
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It should be noted thafor the single layer 2D lead iodide hybrids, the binding energy has also
been shown to be much larger than ¢ atQ dbeyondo ¢ atQ dor (GoH.:NHs).Pbk). It should

be noted that the binding energy of {#,:NH),Pbl, 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 fuher enhanced from the reduction in the screenimg €&xcitons in the layers.

This occurs because the barrier (organic) has a much lower dielectric constant than that of the
well (inorganic) (Dielectric Confinement effect) (Tanak&tkgl, 2005; Ishihardr, et al, 1990;

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

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

aromaticc & qGHsGHNH,).

It has also been cerved thatan increase in well thickness decreadke excitons binding
energy (GHsGH,NH;),(CHNH,)Phl; O p XatQ drom ¢ ¢atQ of the single layered system
(Hong Xet al, 1992).An investigation intdhe effect of increase/decrease interlayer spacing
has been investigated forB,..NH; for ¢  thphyhudp fo ¢ @ cand it was concluded that
this does not affect the binding energy mucho 1 ¢atQ dffluctuation attributed to the

dielectric constant only) fat 1t p (IshiharaT,et al, 1990).

To fully describe the binding energy dependencethe well andbarrier (Elleuch Set al, 2010),
we need to describe the definitions of well thickn@ssand barrier lengthsr, which describes
the interlayer spacingFurthermore the dielectric constants of the inorganic (well)and the
organic (barrier} are defined in order to calculate the overall dieléctconstant of the hybrid

material-, as originallydescribedby Ishihara Tet al, (1990)
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Figure 2.29 Height of Inorganic layer = 6.36Anterlayer spacig c/2 = 21.25A of (GH,;NHs),Pbl, (Ishihara Tet al,
1990).
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interlayer distance is c/fishihara Tet al, 1990).

Assuming that the axis is the longest unit cell axdad the inorganic layers lie perpendicular to
this axis(in the & ¢plane) we will definethe two geometrical parametersy (the barrier length)
and & (the well length)that the binding energy islependentupon. The well lengtha is a

function of the height of the inorganic layer or the octahedra, whicheiserallyc @& ¢B from
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apical iodine to apical iodin®r a singlelayer (RNE),Pbl, 2D hybrid perovskiteHowever the
well length must also include the ionic diameter of the aplwbgen ioms, i.e.c’Y ; therefore

& O& &1 "CQERECEI 'Y and therefore the barrier length may be defined as a

differenceof, @ - @ wherecis the longest unit cell ax{igure 2.29 and 2.30
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Figure 2.31 The calculated exciton binding energies for lead iod{##ieuch Set al, 2010)Bluecurve is the increase
in well thicknessas the barrier is kept constantonversely the recand black curvesire constantinorganic well

thickness as a function of the barrier length keasd is kept constant.

The dielectic constantof the entire inorganicorganic hybrid alsoneeds to be defineds the
binding energy is depemrdt on the dielectric constants of the well and barriefhus -

-a -afa a where- is the overall dielectric constant of the hybrid, is the
dielectric constant of théarrier (organic ammonium catignand- is the dielectric constant of
the well (inorganic layex. The parameterst anda are as previously define@Recalling from the
theory sectionfor a 2D system the binding energy of an extiiscalculated from the energy

eigenvalue®f the following equation:
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WhereO  — uses the overallielectricconstant of the hybrid materigpblease refer to the

theory section for further details)Hence therelationship of the bindingenergy verses well
thickness as defined b¥lleuch Set al, 2010).In the calculations completed l{lleuch Set al,
2010 and references therein) they used the reduced excitonic mass oft® 1w which is
obtained flom band structure calculations, arle dielectric constant of Pbl was obtained from
(Koutselas I. Bet al, 1996)o0f - @®. As mentioned earlier, if there is no dielectric mismatch

i.e. — p, then the excitons binding energy is only related te thuantum confinement

parameteri.e. O 1 & ‘Qdbor 3D Pbl and should be at legstow'Q dior the 2D system
However since there is always a dielectric mismatch, there will be an enhancement of the

excitonic binding energy.

Figuire 2.31above uses theatio of — v& and—  @® respectivelyas it varieghe inorganic

well thickness (red and black curvgés and the barrier layer thicknessfor

— ™ phcvghpd (blue curve).The two vertical dashetineson the graph represent

one (red), and two (blue), inorganic layers respectivia\simplifiedterms, the graph shows that
as the dielectric constant of the barrier is increased, the bindingrgy is increasewith a
constant well thickness)f the barrieris held constantand the well thicknesss increasesthe

binding energy decreasescordingly (increasing 3D character of the material)

In a recent paper byDammak et al, 2009, the authors measured the largesnbing energy of
an excitonfound in asingle layered lead iodide hybrid perovskiteis far (table 2.8 The binding
energy was found to be 1 &tQ gwhich implies this material would be a great candidate for an
electroluminescent devicelhe large increase in excitons binding energy was Igimributed

to the large dielectric mismatch between the barrier and the wé&lle amine cationwas
howevernot an aliphatic, but 4-FPEA4-FPhenylethylammonium)whose dielectric constant
lies within the rangep8t 1 - p& T which is significantly iuced from the parentPEA
cation whose dielectric constant is o@® ¢ Clearlythe large decrease in the dielectric
constant has been attributed to the presence of the fluorine atom onRE&ving (Dammak T

et al, 2009) The binding energy wasalculated using the modified Arrhenius model using the
integrated intensities obtained from the variable temperature photoluminescence

measurements.
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The abilityto enhancedielectric confinement with the use of a more rigidiganic amingother
than an diphatic is of great importance technologically, because the aliphatic chains are pron
to phase changes which resuitreordering inthe aystal packingand sometimesnay resultin a
thermochromicphasetransition. Some phase changes observed resulthi crystal itself to
completely shatter(lshihara T, et al, 199®illing D. G, Lemmerer A, 2002008; Lemmerer A,
2011). However if the phase transition does not physically damage the crgstalmay observe
crystallographically thehange in the distrtions of the inorganic sheet3.hs property may be
exploitedas a temperature tuneable optical device. Recently this was explored by (Pradeesh K,
et al, 200®) for (G.HsNHs).Pbl investigating the high temperature phase change of
(GoHasNHs),Pbl, at 60°C. The optical absorption drphotoluminescence before and after the
phase dhange may be seen in figure 2.32
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Figure 2.32 The optical absorption and photoluminescence emission efHENH;),Pbl, a) displays the inorganic

distortion as a result of the phase changfeg reason for the optical shift. B) optical absorpti@) photoluminescence
emission(Pradeesh ket al, 200D).
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2.5.1 Optical properties ot.ead Bromide and Chloride 2iybrids

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 hias 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 iepénd o vémafor the single

layer 2D hybrids. Work aapleted by (Kitazawa N, 1997) displays a fractional substitution of the
halogen in the single layer hybrids, by only varying Br and | and Br and CI respectively. Sharp
photoluminescence emissions were also reported for these compounds despite theniform

halogen occupatioms seen in figure 2.3Kitazawa N, 1997; Kitazawa &,al, 2004). A larger

list of fractional hybrids has been completed in a review by (PapavassillioueGalC1999) as

well as more recent studies completed by (Dammadt &), 2009b).
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Figure 2.33 Optical density measurements of (RMRb(Byls,) and (RNE),Pb(CIBr,,) with x =0, 1, 2, 3, 4, displaying
the optical #ift with the change in halogefKitazawa N, 1997)

The Lead Bromide compounds are understudidcomparison with the iodide analoguethis
is the cas as the lead bromide hybridsene thought to displayundamentallysimilar optical
properties, only blue shifted relative to the iodide analoguesHowever after further
investigation, it was discovered that thelysplaya more intricate emission spectras seerfor
the simple aliphatic type compoundKato Y et al, 2003; Ema Ket al, 2006; Kitazawa Nt al,
2010) In addition, it should be noted thathére are very few crystatructures reported for the
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<100> 2D leadbromide hybrids; however the compounds whose properties have been
investigatedspectroscopicallyhave confirmed the 2D structudamotif through two methods.
Frstly the UWis absorption spctra which displays the compouna@dsaption peak in the
expected absorption regignand secondlythe unit cell and 2D interlayer spacinghich are
estimatedand or confirmedhrough thin film PXRD(Kitazawa Net al, 2010; Kitazawa Mt al,
2010b) Asummalry of the reported 2Dead bromide hybridsand the optical propertieand

excitonic binding energiesewe reportedmay be seelin table 2.9

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

the SEOA G2y & Al &K2dAZ R 065 oNRdzAKG G2 GKS NBFRSH
employed for themeasurement of this parametere. from low temperature (<10K) optical

absorption measurements, electabsorption experiments, and activation energy
measuements obtained through variable temperature integrated lagscence intensity
measurementgKitazawa Net al, 2010). The activation energy experiments have been shown to

give the most reproducible and reliable results from the various publicationstigadag these

excitonic properties, however experiments performed by (KitazawatNl, 2010b) displayed

the optical absorption method gave more realistic results when compared with the activation

energy approach also employed for that specific set ofijpounds.
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Table 2.9: The binding energies, optical absorption and Photoluminescence emissions at various temperatures, of

some PbBr based hybrids.

Metal Amine Dimensionality Exciton PL(nm) Binding energy Reference
Halide OA(nm)
PbBg Cc1 3D 532 534 76meV Tanaka Ket al, 2003
PbBr C9 2D 393 Papavassiliou G. C, 1997
C10 2D 396* 397 Papavassiliou G. C, 1997
PEA 2D 402, 406" 290meV Papavassiliou G. C, 1997
Kitazawa Net al, 2005
PBrg.2HO Ci1 0D 312 Papavassiliou &, 1997
PbBr C4 2D 3.03eV  330meV430m  Kitazawa Net al, 201Q
ev Tanaka Ket al, 200%
C5 2D 3.06eV  290meV Kitazawa Net al, 2010
Cc7 2D 3.09eV  280meV Kitazawa Net al, 2010
C12 2D 3.19eV  310meV Kitazawa Net al, 2010
C8 2D 3.20eV  240meV Kitazawa Net al, 2009
C9 2D (2L) 430 Papavassiliou G. C, 1997
2D (3L) 450 Papavassiliou G. C, 1997
2D (4L) 472 Papavassiliou G. C, 1997
2D (5L) 490° Papavassiliou G. C, 1997
C10 2D (2L) 434 442 Papavassiliou G. C, 1997
2D(3L) 450 456" Papavassiliou G. C, 1997
2D (4L) 472 482 Papavassiliou G. C, 1997
C6 2D 395 Tabuchi Yet al, 2000
C6 2D (2L) 437° Tabuchi Yet al, 2000
C6 2D (3L) 450 Tabuchi Yet al, 2000
C2 2D 402 Tabuchi Yet al, 2000
C3 2D 390° Tabuchi Yet al, 2000
C4 2D 390% 405 430 330meV Tabuchi Yet al, 200Q

Mitzi D. Bet al, 2001¢
Kitazawa Net al, 2010

C10 2D 390 Tabuchi Yet al, 2000
& H.NC6NH 2D 380° 402 180meV Dammak Tet al, 2007
3 Papavassiliou G. €xal,
1999
* PhCHENH; 2D 397, 3.05eV Kitazawa Net al, 2010k
3.08eV Papavassiliou G. € al,
1999
PhGH,NH 2D 3.06eV 3.06eV Kitazawa Net al, 2010b
3]
PhGHNH 2D 3.11eV 3.10eV Kitazawa Net al, 2010b
3
PhGHNH 2D 3.13eV 3.08eV  230meV Kitazawa Net al, 2010b
3
* CHPhCH 2D Multiple 3.176eV Makino H et al, 2005
NH; lines’ ¢ Papavassiliou G. € al,
2000
NMA 2D 3807 Papavassiliou G. € al,
1999
* 2-AMP 2D 437° 467 Li Y. Yet al, 2007

Cn = aliphatic, PEA = phenyletayimonium,a = RT, b = LNT, ¢ = 4.2K, d =&Kgle crystal structure reportedN\MA
= NapthylmethylammoniumAMP = Aminomethylpyridine,
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Figure 2.34 Photoluminescence of (C4HbBy, displaying the biexciton emission generated from a pulsed excitation
sourceat 10K(Kato Y et al, 2003)a) andthe continuous wave excitation luminescence displaying tk&tenic fine

structure at 1.5Kno biexciton emission is observed with CW excitat{@ma Ket al, 2006)

It has been shown that thexcitonic binding energy tends to increase as the halogen is changed
from | to Br. This may be specifically seen in the 3DNE§)PbX% case whereO 1 & Q dor
the | structure, andO  x @ ‘Q dbor the Br structure. In additignthe most studied 20case
(PEAYPDX illustrates this phenomenon as well, whé@e ¢ ¢atQ@ndO ¢ watQ dor the

| and Br cases respectivéhgfer to table 28 and 2.9 for referencés

Recent investigations involving the lead bromide systems have revealed faleheail into the
excitonicfine structure inthe luminescenceemissions. igure 2.34displays the luminescence
emissions of (C4PbBy, for a pulsed excitation source pt1 (figure 2.34) in which a biexciton
emission is observed with the largest bindingeggy (¢ @ ‘Q J(Kato Yet al, 2003)recorded for

a quantum welkhus far. In additon to the biexcitonic peak ithe pulsed excitation experiment,
excitonic fine structure was also observed. The fine structure was also observed in the
continuous wave excitadn luminegence as seen in figure 2.33 (Ema Ket al, 2006).The
excitonic assignments atabels derived from the FBZ critigadintsin the direct gap of the band
structure. From previous sections we know that the 2D lead dealhybrids are direct gap
semiconductors. In the case of (g2)By, the direct gaptransition occurs at the FBZ critiqadint

3.
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Figure 2.35The 1s exciton energy level has a fine structure which is split into three fine structure energy levels. These
are the purely triplet state , the triplet dominant3 and the singlet dominant stat@ . As may be seen in a)

decays into3 and 3 througha spin relaxation, as well as airsfilip decay b) as may be seen in(Ejna Ket al,

2006)

From the luminescence emissions it is observed that 1s exciton energy level has a fine
structure which is split into three fine structure energy levels, wtiohlabelled accordingly.
These states are the purely triplet state, the triplet dominantsa and the singlet
dominant3 . An asidethe 3 state has recently been shown to also display exciton polariton
coupling, however this is of less importance to the assignment of the fine strudianeaki Ret

al, 2008) The mechanism of the excitonic fisgucture decaymay be seen ifigure 2.35a) i.e.

3 decays into3 and 3 througha spin relaxation, as well as a spin flip deigyre 2.35b).

The spin flip Bman experimentsas seen irfig 2.35¢) proved the spin flip decay mechanisand
hence the proposed mechanisim figure 2.35a) and b)(Ema K,et al, 2006) Further
investigations into the longer chain length derivatives (C5, C7, C12) also displayed the excitonic
fine stiucture, however, it only becamevident below 40K fo€4,C5 and C7, and below 80K for
C12.1t should be notd that C7 displays very little fine structure at low temperature in
comparison with its cousinsThe luminescence emissions at these temperatures display

intersystem crossing between ttengletandtriplet states upon cooling, and the varyio§the
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