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Abstract 

Recently, several new hybrid materials have been explored for photovoltaic applications because 

they exhibit favourable qualities typical of inorganics (high stability, good carrier mobilities) as well 

as organics (solution processability & low cost). One of such materials, namely, ternary        

(CIS) nanocrystals and CIS/ZnS core-shell nanocrystals are promising alternatives to the non-

environmentally friendly Lead and Cadmium based nanocrystals predominantly used in colloidal 

solar cells. Bulk CIS is a direct band gap semiconductor with good absorption and emission 

properties, as well as high photoconductivity. We show that for CIS and CIS/ZnS nanocrystals 

increasing the stoichiometric amount of Indium leads to an increase in band-gap and consequently a 

blue-shift in absorption & photoluminescence for both core-only and core-shell particles, with an 

increase in the magnitude of the blue shift for the core shell samples. We also observe large FWHM 

in their emission, and tentatively ascribe it to radiative recombination arising from intrinsic Cu-

vacancy sites via a donor-acceptor pair transition. Furthermore, time-resolved photoluminescence 

measurements reveal fluorescence lifetimes of around 200 - 300 ns, one order of magnitude shorter 

than other colloidal nanocrystals such as PbS/OA in solution; we interpret this as an indication that 

material quality is still sub-optimal; thus, further refinement of synthetic techniques are still required 

Another interesting family of materials in this class are hybrid perovskites of which (CH3NH3)PbI3 

(MAPbI3) is a typical member and has recently been shown to exhibit exceptional power conversion 

efficiencies in solar cells as high as 17.9% (NREL). We report the facile and successful synthesis of 

single crystals of MAPbI3 from MAI and PbI2; confirmed by powder XRD, and show the 

signature of a tetragonal-orthorhombic phase transition in both variable temperature single crystal 

XRD and Steady State Photoluminescence Spectroscopy; which initially shows a temperature 

dependence of the band gap. We observe unusual changes in steady state photoluminescence spectra 

between 150K and 30K which we further investigate by power dependent measurements. 

Furthermore, Photoluminescence lifetime shows an almost 60-fold increase between room 

temperature and 5K indicating a high photoexcitation efficiency. 

Finally, we conclude by relating these observations to recent theoretical results by Even et al by 

proposing tentative explanations to these phenomena in terms of a multi bandgap electronic 

structure. 
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Chapter 1 

Introduction 

This chapter contains a basic introduction to semiconductor Nanocrystals or “Quantum Dots” as 

they are more commonly known; outlines why ternary CuInS2 Nanocrystals are desirable over the 

mainly studied II-IV family (of which PbS and CdSe are typical examples), gives some of their 

properties that make them interesting for applications and finally gives the motivation for this part 

of my thesis. 

1.1 Basics of Colloidal Nanocrystals 

Inorganic semiconductor nanocrystals (NCs) are crystalline aggregates (hundreds to a few thousand) 

of atoms, considering the Å-size of each atom; each NC is sized between 1-10 nm. The exciting 

properties of NCs that have made them the object of much research in the past decade are centred 

on their excellent optical and electronic properties and size-tunable band gap. In addition, their 

colloidal synthesis makes it possible to conceive of using them for cheap, large-scale applications as 

varied as photodetectors, light-emitting devices, solar-cells and even in biological systems as drug-

delivery agents and fluorescent labels. 

From a physical point of view NCs have dimensions which are generally smaller than the distance of 

an electron-hole pair - the so-called exciton-Bohr radius. This is the reason why their electronic 

properties become strongly-size dependent, with the band gap becoming progressively larger as their 

size decreases. This effect is commonly referred to as the Quantum Confinement effect. Therefore, NCs 

show properties intermediate between single molecules and bulk solid, with excitons confined in all 

three spatial dimensions and a delta-function peaked density of states. For this reason, NCs are 

sometimes called “Quantum Dots” 

 

 

 

 

Figure 1.1(a): Nanocrystal sizes in comparison to other microscopic structures (Credit: www.nanotech-now.com) 
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1.2 Effects of Quantum Confinement 

As mentioned earlier, nanoscale semiconducting materials such as NCs fall into the “Quantum 

confinement” regime where excitons are confined in all three dimensions; this results in a size-

controlled discretization of the energy levels as compared to the continuous valence and conduction 

band of bulk materials. 

 

 

 

 

 

 

 

 

 

 

The relationship between the Bandgap of a NC and the bulk material, was derived by L. Brus [7]; is 

given by the analytical expression: 

  
       

    

   
(

 

  
 

 

  
)   

     

    
                                              

 

Where   
          represent the energy band gaps of the NC and bulk semiconductor respectively; 

              represent the radius, relative permittivity and effective masses of electrons (e) and 

holes (h); and            are as usual, the vacuum permittivity, reduced Planck constant and 

elementary electronic charge. Equation         shows the effect of reducing the NC size on the 

quantum confinement energy (second term) and associated Coulomb attraction of the electron-hole 

pair (third term); when   becomes sufficiently small, the second term outweighs the third which 

Figure 1.2(a): Quantum Confinement results in a discretization of energy levels and increases the band gap from the bulk 

value 
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results in an increase of   
  ; and a hypsochromic (high energy) shift in absorption and emission 

from the NC compared to the bulk. 

Thus, using simple synthetic strategies, it is possible to tailor the absorption and emission properties 

of NCs over a wide range from the infrared (IR) to ultraviolet (UV), thus they are highly desirable 

for applications such as solar cells, photodetectors and biological labels. 

 

 

 

However, there are several challenges that have to be addressed before the use of NCs is actualised 

for highly efficient, commercializable, photovoltaic applications. One of which is that several of the 

more commonly studied nanoparticles, the Lead Chalcogenide based PbS, PbTe and their 

Cadmium-based analogues CdS, CdSe and CdTe; while having excellent physical properties, are 

toxic and not therefore environmentally friendly. As alternatives, III-V, I-III-VI NCs have been 

suggested by several research groups. Part of this thesis covers the optical properties of CuxIn1-xS2 

(CIS) NCs – a representative member of the I-III-VI family obtained by varying the ratio of Cu 

precursor to In precursor during synthesis, and also the effect a Zinc Sulphide (ZnS) shell on the 

photoluminescence spectra and fluorescence lifetime.  

 

 

Fig 1.2(b): size dependence of absorption (a) and emission (b) in PbS Nanocrystals from [6]. 

Suitable synthetic approaches can be used to tailor prooperties to the desired application 
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Another challenge is the removal of the long insulating ligands that are used to both stabilize & 

solubilize the NCs during synthesis because they hinder charge transport, as with the Pb and Cd-

based NCs where several strategies have already been established. The CIS NCs used in this study 

were synthesized with the capping ligand Dodecanethiol (DDT). 

 

1.3 Motivation and Goals 

CIS NCs have been hitherto mostly unstudied compared to the non-environmentally friendly PbS 

and CdSe, with the few reported studies focusing on synthesis and structural characterization rather 

than device applications. Bulk CIS is an important material for photovoltaic applications because it 

has a high absorption coefficient and photoconductivity [8]. In addition, the presence of a ZnS shell 

and varying Cu:In ratios have only recently become interesting for studies, particularly for 

applications in (opto)electronics and photovoltaics.  

Another motivation for this project is the lack of optimization of the synthetic procedure for the 

controllable synthesis of high quality, mono-disperse CIS and CIS/ZnS NCs; several studies in 

literature report a wide array of techniques including hot injection, thermal decomposition etc. with 

varying degrees of success and sometimes conflicting reports. Thus, with the optical measurements 

of the CIS synthesized by our collaborators at ETH Zurich by absorption, steady-state and time-

resolved photoluminescence spectroscopy, we not only gain insights about the effects of non-

stoichiometry and a ZnS shell on the photophysical properties; but also about material quality and 

the efficacy of the synthetic protocol. The final goal would then be to optimize the material quality, 

and thin film deposition techniques for making devices such as solar cells. 

 

Fig 1.2(c): Chalcopyrite structure of CuInS2 
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Chapter 2 

Materials and Methods 

This chapter gives an overview about the synthesis of the ternary CIS NCs used in this thesis. 

Furthermore, a brief explanation of the techniques used to study the optical properties is given. 

2.1 Synthesis of NCs  

The CIS NCs were prepared by a non-injection, thermal decomposition route following procedures 

reported in [5], [9] and [10]. Briefly, the method involves the decomposition of precursors: 

Copper(I) Iodide (CuI), Indium(III) Acetate (In(oAC)3), Dodecanethiol (DDT), Octadecene (ODE), 

and Oleic acid (OA); followed by purification involving centrifugation in Ethanol (or Acetone) and 

then dispersion in Chloroform. For the Zinc Sulphide shell overcoating, a stock solution using Zinc 

Stearate (or Acetate), DDT and ODE (or Oleylamine) is added dropwise during the growth of the 

CIS core and left for 60-70 minutes before purification. 

 

 

 

 

 

 

   

 

 

 

 

Octadecene 

Oleic acid 

Dodecanethiol (DDT) 

Oleylamine 

Indium(III) acetate Zinc acetate Zinc stearate 

Fig 2.1(a): Molecular structures of Precursors  used for synthesis 
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S/n Sample Cu:In feed ratio Precursors 

1 CuInS2 1:1 
Core: CuI, In(OAc)3, DDT, ODE, OA 

Purification: Acetone/Chloroform 

2 CuInS2/ZnS 1:1 

Core: CuI, In(OAc)3, DDT 

Shell: Zn-stearate, DDT, ODE 

Purification: Ethanol/Chloroform 

3 CuInS2 1:2 
Core: CuI, In(OAc)3, DDT 

Purification: Ethanol/Chloroform 

4 CuInS2/ZnS 1:2 

Core: CuI, In(OAc)3, DDT 

Shell: Zn-stearate, DDT, ODE 

Purification: Ethanol/Chloroform 

5 CuInS2 1:4 
Core: CuI, In(OAc)3, DDT 

Purification: Ethanol/Chloroform 

 

 

2.1.1 Solutions and handling 

All solutions were prepared in a clean Nitrogen-filled glove box to avoid contamination by 

atmospheric oxygen and moisture. 400uL of solution at concentrations ranging from (2.37mg/ml to 

9.5mg/ml) were put into 1cm quartz cuvettes and sealed before removal from the glove box. 

Measurements were carried out in ambient atmosphere. 

2.2 Absorption Measurements 

Absorption spectroscopy is a technique that gives information about transitions between electronic 

states of material with the specific energies where the transitions occur being dictated by the 

electronic structure of the particular material [6]. Following optical excitation, NCs are promoted 

from their electronic ground state (  ) to an electronic excited state (  ) which is usually the first 

singlet excited state (  ). Immediately after, (ultra)fast processes i.e. both non-radiative (thermal 

relaxation), or radiative (recombination to   ) on a picosecond (  ) time scale or slower may occur. 

Every spectrophotometer generally consists of a light source, a monochromator and a detector. It 

should however, be noted that a spectrophotometer does not measure “absorption” directly but 

Table 2.1 (a): Summary of samples synthesized and precursors used 
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rather transmitted light after excitation of the sample and its interaction with the excitation. Using 

the Beer-Lambert law (equation 2.2) below: 

      
                                                                         

Where I is the transmitted light through the sample, I0 is the incident radiation.   and   represent 

the attenuation coefficient and the distance the light travels through the material (often defined by 

the size of sample holder) respectively; the intensity of transmitted radiation (T) is then related to the 

Absorbance also loosely called “optical density” via: 

         (
 

  
)                                          

Our samples were measured with a Shimadzu-3600 UV/VIS/NIR spectrophotometer in the 

spectral range between 300 nm – 900 nm. 

 

2.3 Steady State Photoluminescence (PL) Spectroscopy 

PL measurements are an especially powerful tool to investigate the electronic excited states of 

molecules; they can give information about interaction between photogenerated excitons and 

capping ligands, as well as the local environment, for instance the presence of defects or trap states; 

provided the recombination from them is radiative. 

For our measurements, we used the second harmonic of a 150fs mode-locked Ti:Sapphire laser at 

795    with a repetition rate of ca. 76    , pumped by a solid-state, diode-pump frequency 

doubled Nd:Vanadate (Nd:YVO4) laser at 532    with an output power of 5 Watts. All spectra 

were collected by a Hamamatsu EM-CCD camera working in the visible range and corrected for the 

spectral response of the setup with a calibrated lamp 

 

2.4 Time resolved Photoluminescence (TRPL) Spectroscopy 

TRPL spectroscopy is one very powerful method to investigate the dynamics of processes after 

excitation; as implied by the name, it involves measuring the PL from a sample as a function of time 
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after excitation by a pulsed (monochromatic) source. Using this technique, valuable information 

about dynamic processes such as variation of excited populations due to energy loss, charge transfer 

or other interaction of the excitation with the surroundings can be obtained 

For NCs in general, replacing the native insulating ligands by shorter, conductive ligands results in a 

significant reduction of the decay time from the order of several tens or hundreds of nanoseconds 

(  ) to picoseconds (  ), this is often ascribed to increased interaction through the electronic levels 

of the ligand molecules between nanoparticles, which enables charge transfer [6]. 

For our measurements the same laser system described above was used, and time resolved spectra 

were collected with a Hamamatsu streak camera with a photocathode sensitive in the visible range, 

working in single sweep mode, together with an optical pulse selector with a division ratio set to 

1:100. 
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Figure 3.1.1(a): Absorption spectra for CIS core-only NCs with different Cu:In ratios; (b) Picture of 

synthesized samples, arrows indicate core-only samples 

Chapter 3 

Results and Discussion 

3.1 CIS Core-Only NCs 

3.1.1 Absorption Measurements 

The figure 3.1.1 below shows the absorption of CIS core-only NCs in the spectral range between 

300-900nm for NCs with different Cu:In composition ratios. From the spectra, it is evident that the 

absorption is blue-shifted (towards visible wavelengths) as the stoichiometric ratio of Indium (In) 

increases. Similar behaviour has been reported by Song et al [10], which they explained in terms of 

lowering of the valence band due to decreased repulsion between Cu  -orbitals and S  -orbitals; 

based on calculations performed for Cu-deficiency in CuInSe2; resulting in a bandgap widening [12]. 

Visually the colors of the solutions can be observed changing from (deep) red for Cu:In of 1:1 ratio 

to orange (fig 2) for the 1:4 ratio. 

 

 

 

 

 

 

 

 

 

Also, the 1:1 ratio (black line) does not show a clear excitonic peak but rather a “shoulder”; this 

might be an intrinsic property of CIS, or due to inhomogeneities in the size, shape and composition 

of our sample [16]. 

1:1 1:4 

(OD
1:2 

(OA) 
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Figure 3.1.2(a): Normalized PL Spectrum for CIS core-only NCs with different Cu:In ratios, to illustrate 

the blue shift in emission with increasing Cu defiency, Excitation intensity is ca. 40uW 

3.1.2 Steady state Photoluminescence Measurements 

Figure 3 below shows the spectra for the CIS core only NCs with different Cu:In ratios, the same 

trend observed in the absorption measurements is observed here, with the emission progressively 

blue shifted as the stoichiometric amount of In increases consistent with a wider band gap for 

increasing amounts of Cu deficiency in our samples. Our results and several studies [5,8,10,16] 

report a large emission bandwidths which most likely stem from Cu-deficiencies, S-vacancies and 

Cu-In substitution (defect sites) which serve as intra-gap states; implying a donor-acceptor pair 

(DAP) recombination as a possible mechanism for this occurrence rather than an excitonic 

emission; where In substituted at the Cu site and/or an S vacancy likely act as donor states and a Cu 

vacancy as an acceptor state [10]; another possibility proposed by Nose et al [13] is recombination 

between the conduction band minimum (CBM) and an acceptor (defect) level as observed in 

CuInSe2 NCs. 

 

 

 

 

 

 

 

 

 

 

Further evidence for the defect-related radiative recombinations are the somewhat large stokes 

shifts, though we note also that our samples contain pyramidal NCs of poly disperse size; thus we 

expect both phenomena play a role in the large emission bandwidths 
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Table 3.1.3(a): PL decay lifetimes for CIS core-only NCs 

 

 

 

 

3.1.3 Time-Resolved Photoluminescence Measurements 

The decay times for the PL from our samples were also measured to ascertain if there were any 

significant differences in the fluorescence lifetimes as a function of Cu:In ratio, our results indicate 

that the lifetimes display an increasing trend with increasing Cu:In ratios with the intensity exhibiting 

multi-exponential decay behaviour well fitted by the equation 

     ∑       
  
  

 

   

 

Table (3.1.3) shows a summary of the extracted lifetimes and Figures (a)-(c) below show the spectra 

and (multi) exponential fits 

 

 

 

 

 

 

S/N Sample Cu:In Ratio   Extracted Lifetimes 

1 CuInS2 1:1 2 
        

         

2 CuInS2 1:2 2 
        

         

3 CuInS2 1:4 1         

Figure 3.1.2(b): Schematic diagram explaining the DAP recombination mechanism mentioned above, 

interestingly it predicts that PL quenching can occur when the concentrationof D and A states becomes so 

large that interactions begin to occur between them. Figure adpated from [40] 
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Figure 3.1.3(b): PL decay for CIS core-only NC with Cu:In ratio 1:2, hollow circles are experimental data 

and the red line is a Biexponential fit of the data. Excitation intensity is ca. 80uW 

Figure 3.1.3(a): PL decay for CIS core-only NC with Cu:In ratio 1:1, hollow circles are experimental data 

and the red line is a Biexponential fit of the data. Excitation intensity is ca. 80uW 
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3.2 CIS/ZnS Core-Shell NCs 

The growth of an overlayer of a higher bandgap material around NCs has been proven to result not 

only in better surface passivation but also in superior optical properties such as higher PL quantum 

yield, and improved stability [4]. ZnS is an ideal material for use as a shell for CIS, owing to its large 

Figure 3.1.3(c): PL decay for CIS core-only NC with Cu:In ratio 1:4, hollow circles are experimental data 

and the red line is a Biexponential fit of the data. Excitation intensity is ca. 80uW 

Figure 3.1.3(d): Lifetime comparison for different Cu:In ratios, lifetime increases with increasing 

amounts of In 
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band gap relative to CIS (3.6   relative to ~1.5  ) resulting in type-I band alignment, similarity of 

crystal structure and low lattice mismatch (ca. 3%); its chemical stability and non-toxic character [5].  

 

 

 

 

 

 

 

 

 

 

3.2.1 Absorption Measurements 

The figure below shows the absorption spectra for the CIS/ZnS core-shell NCs for cores with 

different Cu:In ratios; the presence of the shell does not seem to significantly alter the absorption 

spectra. We observe the same general trend with the core-only NCs: no clear excitonic peak for the 

1:1 ratio and a blue shifted absorption for the higher Cu deficient sample. 

 

 

 

 

 

 

 

Figure 3.2.1(a): Absorption Spectra for CIS/ZnS core-shell NCs with different Cu:In ratios 

Figure 3.2(a): As synthesized core-shell Nanocrystals, arrows indicate Cu:In ratios  

 

1:1 1:2 



22 
 

3.2.2 Steady State Photoluminescence Measurements 

We observe a further blue shift in PL emission from the core-shell samples, with a magnitude larger 

than that for the core only particles, suggesting that the band-gap is widened by the growth of the 

ZnS shell.  

 

 

 

 

 

 

 

 

 

In addition, the emission features a broad bandwidth broader than the typical few    bandwidth 

typical of band edge photoluminescence, suggestive of size poly dispersity and the presence of PL 

from defect states. Studies in literature have explained this blue shift by various arguments such as 

surface reconstruction [17], interdiffusion of Zn atoms to form a CIS-ZnS alloy around the surface 

[18], bandgap widening via compressive strain resulting from a lattice mismatch between CIS and 

ZnS; and even etching of the CIS core under growth conditions; However, subsequent experiments 

by Park and Kim [4] assert that that cation exchange is the main mechanism through which the 

growth of the ZnS overcoating occurs, which seems to be the most convincing explanation since 

this effectively reduces the core size and consequently explains the blue shifted PL. 

 

Fig 3.2.2(a): Normalized PL spectra for CIS/ZnS core-shell NCs with different Cu:In ratios 

illustrating the blue shift with increasing In compositon, excitation intensity is ca. 40uW 
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Figure 3.2.3(a): PL decay for CIS/ZnS core-shell NC with Cu:In ratio 1:1, hollow squares are 

experimental data and the red line is a monoexponential fit of the data. Excitation intensity is ca. 7.5uW 

Table 3.2.3(a): PL decay lifetimes for the CIS/ZnS core-shell samples  

 

 

 

 

 

 

3.2.3 Time-Resolved Photoluminescence Measurements 

In order to investigate the effect of the ZnS shell on the PL of the core-shell NCs the PL decay 

lifetime was measured. We observed a general multi-exponential behaviour similar to the core-only 

NCs; however, there was a slight increase in the PL lifetime, consistent with better surface 

passivation provided by the ZnS shell. Below are the extracted lifetimes for the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

S/N Sample Cu:In Ratio   Extracted Lifetimes 

1 CuInS2/ZnS 1:1 1 
        

 

2 CuInS2/ZnS 1:2 2 
        

         

Fig 3.2.2(b): Shell growth mechanism involving replacement of Cu2+ and In3+ ions with Zn2+ ions, effectively reducing the 

core size and increasing the bandgap. Figure adapted from [4] 
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Figure 3.2.3(b): PL decay for CIS/ZnS core-shell NC with Cu:In ratio 1:2, hollow squares are 

experimental data and the red line is a biexponential fit of the data. Excitation intensity is ca. 7.5uW 

Figure 3.2.3(c): Lifetime comparison for CIS/ZnS core-shell samples with different Cu:In ratios, 

lifetime increases compared to core-only samples 
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Chapter 4 

Conclusion and Outlook 

Cadmium and Lead Free Ternary CIS NCs with high quality and promising optical properties were 

synthesized. We studied the effects of varying stoichiometric ratios of Cu:In and can conclude that 

the absorption and emission properties are strongly blue shifted by increasing the amount of In, 

relative to Cu. This further gives yet another method to engineer the properties of CIS (or more 

generally, ternary) NCs for different applications. We also observed broad emission bandwidths and 

long PL decay lifetimes from our samples indicative of size poly dispersity, and delayed emission 

from intrinsic defects in the CIS system 

Furthermore, we studied the effect of growing a ZnS shell on the CIS NCs, our results show that 

the PL intensity is greatly improved by the presence of the ZnS shell, likely arising from the type I 

band alignment between the energy levels of CIS and ZnS and better surface passivation; which also 

resulted in a slightly longer PL lifetime. The blue-shifted emission for these samples is explained as a 

bandgap widening resulting from cation exchange during the shell growth process. 

From an application viewpoint, the broad bandwidth of emission implies that CIS NCs would not 

be useful for display applications, where an extremely narrow emission linewidth is a requirement, 

but the tunable, high absorption and emission in the visible range makes them promising candidates 

for use in white LEDs as fluorescence down-converters in combination with a blue LED-chip [10]. 

Another possible niche for CIS NCs is as an absorber in tandem solar cells, where up till now, 

organics are still the mainstay for sub cells absorbing in the visible region. However, material quality 

is still sub-optimal and requires great improvement. 

Our future efforts will be geared towards the optimization of material quality to obtain high quality, 

stable and mono-disperse NC populations, thin film deposition techniques, ligand exchange and the 

fabrication of transistors and solar cells to test the efficiency of the CIS NCs in devices. 
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Part II 

Low Temperature Photophysical Properties of Single 

Crystals of the Hybrid Perovskite (CH3NH3)PbI3 (MAPbI3) 
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Chapter 5 

Introduction 

5.1 Motivation 

Lead chalcogenide based hybrid Perovskites have recently taken the photovoltaic research 

community by storm starting by the report by Miyasaka and co-workers showing a 3.8% efficiency 

of solar cells made from MAPbI3 [23] in a dye-sensitized geometry, between then and now – several 

advances in film processing, device architectures and  suitable charge extraction strategies have seen 

efficiencies of Perovskites based solar cells rise to an impressive 19% so far, with the likelihood of 

even higher figures in the future [20, 34]. 

Interestingly, though hybrid Perovskite-based photovoltaic research is still in its infancy and as 

serious contenders for possible commercialization, already in competition with leading second 

generation solar cells, there is a marked lack of understanding of the basic physical properties that 

are responsible for such stellar device performance, the ‘’gold-rush’’ for high efficiencies has 

unfortunately pushed such investigations to the back seat and as such; literature about the physical 

and (opto)electronic properties are lacking vis-à-vis understanding the origin of device operation and 

performance. 

Reports in literature [27,34] and experience in our group indicate that organic-inorganic hybrid 

Perovskites are difficult materials to process into thin films for device applications; and being hybrid 

materials (consisting of a lead chalcogenide and organic ligand), simply applying known techniques 

for well-studied organic polymers is not sufficient for making good films into working devices. Our 

concern however, lies in the characterization of the physical and (opto) electronic properties of 

Perovskite single crystals via photoluminescence spectroscopy at low temperatures to gain some 

insight about elementary photo-excitations and how they translate into device operation. In addition, 

we have focused all our studies on methyl-ammonium lead iodide (CH3NH3)PbI3 (=MAPbI3) 

5.2 Physical Properties and Structure 

Perovskites are a class of materials that adopt the same structure as Calcium Titanate (CaTiO3) with 

a general formula ABX3, A and B represent cations which may be of different valence or ionic radius 

and X is often oxygen or a halogen. Replacement of the A cation by a suitable organic moiety such 
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as methyl ammonium (MA) or butyl ammonium (BA) leads to a sub-class of organic-inorganic 

hybrid Perovskites [19]. 

 

 

 

 

5.3 Photovoltaic performance 

Despite the lack of information on the underlying basic photophysics responsible for the reported 

exceptional quality of hybrid Perovskites, as mentioned earlier – beginning with the early work by 

Miyasaka et al in in 2009 utilizing Perovskite absorbers in a dye-sensitized geometry, which yielded 

an efficiency of 3.8%, since then several groups have quickly pushed the limits to a certified 

17.9%(NREL) using various strategies such as improved device architectures[38], new & highly 

efficient charge-carrier transporting materials and electrodes[39].These reports show that perovskites 

exhibit ambipolar transport characteristics and can therefore be used not only as light harvesting 

materials but also for charge transport. 

Investigations by Snaith et al [35] and Sum et al [36], have partially ascribed this performance to 

extremely long exciton diffusion lengths in the solution processed Perovskites: (MA)PbI3 and 

(MA)PbIxCl3-x with values ranging between 0.1–1 µm, a figure far above values around 10nm from 

state-of-the-art low temperature solution processed organic photovoltaics. Reported values for the 

band gap of these highly efficient perovskite absorbers is around 1.55eV (800nm); interestingly, 

Figure 5.2(a): Generic ABX3 perovskite crystal structure (left); Low temperature orthorhombic structure of 

(MA)PbI3 with unit cell doubling, adapted from [30] 
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photovoltages around 1.1V have also been reported [37] implying a small loss, most likely due to 

charge-carrier extraction or injection at the interface of the electrodes, the impressive exciton 

diffusion length, high photovoltage and ambipolar transport characteristics of Perovskites make 

them ideal candidates for highly efficient, cost effective PVs. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.3(a): (top panel) The highest certified efficiency of perovskite solar cells of 17.9% by NREL as at 

the end of 2013 (credit: www.nrel.gov), reported by [32]. (bottom panel) Typical structures of 

perovskite based solar cells utilizing either a mesoporous TiO2 layer or a planar geometry [20] 

http://www.nrel.gov/
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Chapter 6 

Materials and Methods 

MAPbI3 single Crystals were synthesized from Methylammonium Iodide (MAI) and Lead (II) Iodide 

(PbI2) using a simple drop-casting technique, described below. 

6.1.1 Synthesis of Methylammonium Iodide (MAI) 

MAI was synthesized by mixing 24 mL Methylamine (33% in ethanol) and 10 mL HI (57% in 

water) in 100 mL ethanol (in an ice bath) with constant stirring for 2 hours.  After evaporation at 

60oC in a hotplate, the resulting white powder was washed three times with ethyl ether and dried 

under vacuum at 60oC overnight.  

 

6.1.2 Growing Single Crystals of Methylammonium Lead Iodide 

Equimolar (1M) mixtures of PbI2 and MAI of in gamma butyrolactone (10mL) were left to stir 

overnight at 60 oC. The single crystals were obtained by drop casting the solution on glass substrates. 

Then substrate was annealed at 100oC for 20 minutes.  

*All materials used as purchased from sigma Aldrich  

 

 

 

 

 

 

 

6.2 Measurement Techniques 

6.2.1 X-Ray Diffraction (XRD) 

Fig 6.1.2(a): MAPbI3 single crystal measuring (0.225 X 0.225 X 0.05)mm 
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To further elucidate the structure of Perovskites, variable temperature XRD on both the single 

crystals and powered samples were carried out. XRD involves striking the sample with an intense 

beam of monochromatic X-rays, during which it is rotated and the reflections that arise are collected 

by a detector. Several thousands of reflections are collected and processed computationally to yield a 

model of the arrangement of atoms within the crystal, called the crystal structure. For single crystals 

of sufficient purity, XRD and complimentary chemical information can provide atomic coordinates, 

bond lengths and bond angles to a high degree of accuracy (tenths of Angstroms and tenths of 

degrees) 

A few crystallographic studies of lead-halide based hybrid perovskites in literature [22] have pointed 

to cubic-tetragonal-orthorhombic phase transitions occurring as the Perovskite is cooled from above 

330K to below 161K. These phase transitions are often attributed to the organic ligand (A) in the 

ABX3 structure and is also likely to involve a distortion of the inorganic cage as well, the phase 

transition can be observed by performing XRD at multiple temperatures where different phases 

exist. 

 

6.2.2 Photoluminescence (PL) and Time Resolved Photoluminescence Spectroscopy  

Photoluminescence spectroscopy is one of the most important techniques for the optical 

characterization of semiconducting materials. It is a powerful, non-destructive method that gives 

information not only about the electronic structure of a material, but can also give insights about 

impurities in a semiconductor, provided their recombination is radiative [2] 

Perovskites are extremely interesting materials for such measurements, because the nature of the 

fundamental photoexcitations and the origin of photoconductivity is yet unknown. PL experiments 

can help to elucidate the origins of fluorescence, which could be band-to-band recombination, from 

free excitons, bound excitons or even from impurity energy levels.  

The dynamics of PL are also of great importance, and can be studied by time-resolved PL 

experiments, which involves measurement of the PL decay as a function of time after excitation by a 

pulsed monochromatic light source. Since band-to-band recombination dominates at room 

temperature and excitonic recombination is observed at lower temperatures [29], we measured the 

PL and TR-PL at temperatures ranging from 4K to 300K. 
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For our measurements, we used the second harmonic of a 150 fs mode-locked Ti:Sapphire laser at 

795 nm with a repetition rate of ca. 76 MHz, pumped by a solid-state, diode-pump frequency 

doubled Nd:Vanadate (Nd:YVO4) laser at 532 nm with a output power of 5 Watts coupled to an 

optical pulse selector capable of working between 1:20 and 1:5000. All spectra were collected by a 

Hamamatsu EM-CCD camera sensitive in the visible range and time-resolved spectra were collected 

with a Hamamatsu streak camera with a photocathode sensitive in the visible range, working in 

single sweep mode. For low temperature measurements we used a continuous flow helium cryostat 

(He-flux-Oxford Optistat). All spectra were corrected for the optical response of the setup using a 

calibrated light source. 
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Figure 7.1(a): Powder XRD data at room tempreature, crosses represent experimental data and the red line indicates 

data from [31] 

Fig 7.1(b) Single crystal XRD at 200K for different crystallographic planes, indicating the good quality of obtained crystals 

h0l hk0 0kl

6.1.

Chapter 7 

Results and Discussion 

7.1 X-Ray Diffraction 

Powder X-ray Diffraction at room temperature (fig 7.1a) confirmed the successful synthesis of 

MAPbI3, the experimental data and literature data agree very well. In addition, the absence of any 

unassigned peaks implies the absence of impurities. 

 

 

 

 

 

 

 

Furthermore, variable temperature single crystal XRD was carried out at temperatures between 

200K and 130K; figure 7.3(b) below shows the diffraction pattern at 200K confirming the good 

quality of the grown crystals, the crystal structures at 200K and 130K (tetragonal and orthorhombic 

respectively) and extracted lattice parameters are shown in Figure (c) 
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7.1(c): Crystal structures and parameters for the room temperature tetragonal phase and low temperature 

orthorhombic phase of MAPbI3 

Pb 

Cl 

C80 

N 

  

Structural Data 

Property Tetragonal Orthorhombic 

Space Group I422 Pnma 

a (Å) 8.8155  8.7787 

b (Å)  8.8155  8.6957 

c (Å) 12.6165 12.561 

      90o 90o 

V (Å3) 980.43 958.87 

Z 8 4 

 

Finally, in the vicinity of 162K, the emergence of new reflections (pictured below in fig 7.1d ) 

confirms the tetragonal-orthorhombic phase transition.  

 

 

 

 

 

 

 

 

162K 

h

163K 

0

164K 

P

Fig 7.1(d): Diffraction patterns at temperatures around 162K, we observe the emergence of a new reflection 
(green circles) which is indicative of the tetragonal-orthorhombic phase transition 
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Fig 7.2(a): PL contour map for MAPbI3 showing the variation in peak intensity and position with 
temperature, there is a phase transition around 162K (red box) 

7.2 Steady State Photoluminescence Spectroscopy 

As mentioned earlier, PL spectroscopy is a useful means of obtaining important information about 

several material properties such as the degree of crystallinity, quantum efficiency, presence of trap 

and defect states, recombination mechanisms and even phase transitions. All these information can 

be inferred from the intensity, line width and spectral content of photoluminescence collected. 

MAPBI3 has been known to exhibit two structural phase transitions [22,31], the first of which is 

cubic to tetragonal at elevated temperatures (approximately 330K) and the second, which is 

tetragonal to orthorhombic (at approximately 161K) which have both been attributed to the organic 

ligand (MA), though information about the exact nature of the phase transitions is still lacking in 

literature, we clearly observed the signature of the latter in our spectra at temperatures around 160K. 

Below this temperature, there are also several other interesting features in the PL contour map. 

 

 

 

 

 

 

 

 

 

 

 

The figure (b) below shows an overview of selected spectra collected at different temperatures 

between 5K and 295K. What immediately strikes us is the variation in bandgap with temperature, 

usually described in inorganic semiconductors by the expression: 

              
   

    
 (7.1) 
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Fig 7.2(b): Normalized PL spectra at selected temperatures showing the changes that occur below the 
known phase transition at 162K, note the appearance of a shoulder at 140K which disappears below 
30K (left), increase in intensity with decreasing temperature. Excitation intensity is approximately 40uW 
(right) 

Where            are fitting parameters. However, results by Kim and co-workers point to a 

variation in dielectric constant with temperature as a possibility for this observation [33]. This is 

affirmed by Poglitch & Weber, as well as Onada and co-workers [41, 42]; who point to dynamic 

disorder of the methyl-ammonium group in the room temperature phase, with successive ordering 

phenomena as cooling occurs. Thus, the dielectric constant varies with temperature which can then 

be directly related to a correlated tumbling of the carbon-nitrogen bond axis of the methyl-

ammonium cation. Furthermore, the changes in the spectral shape as well as peak relative intensities 

at temperatures between 140K and 30K are noteworthy. We observe a slight bifurcation of the main 

PL peak and emergence of a shoulder around (140K – 120K) which grows in intensity at the 

expense of the main peak before reversing the trend and coalescing once again into a single peak 

below 30K.  

 

 

In figure (c) below, we report the results of power dependent measurements at several temperatures 

and observe that below 150K, the relative intensity of the main peak and shoulder change with 

increasing excitation intensity though with no clear trend observed across all temperatures; whereas 

at 100K and 50K, we observe a blue shift in the lower energy peak with increasing laser intensity.  
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Fig 7.2(c): Power dependent measurements at selected temperatures below the phase transition; spectra are 
normalized 

Fig 7.2(d): Results from [43] useful for discriminating between PL from traps and band-edge based on the 

excitation power dependence of the PL intensity. Left plot shows value of slope expected from free-, and 

bound-exciton emissions, right plot shows values expected from donor-acceptor, and free-to-bound (trap) 

recombination 

slope<1 1<slope<2 
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Fig 7.2(e): Excitation power dependence of PL from MAPbI3 at 50K, this is representative of plots at other 
temperatures, the slopes for the curves suggest that we do not have PL from impurity energy levels, for 
which we would expect slope < 1 

The rationale behind power dependent measurements is to observe if any excitation-intensity 

dependent phenomena such as PL saturation occur. Previously, Katzer et al [28] reported saturation 

in the lower energy peak in the split PL spectra of quantum wells with increasing excitation intensity 

and ascribed it to state filling involving intra-bandgap impurity levels. In addition, theoretical work 

by Schimdt and Lischka [43] presents a general method for the discrimination between band-edge 

PL and that from impurities based the excitation power dependence. They proposed a general 

       relationship between the luminescence intensity I and the excitation power L; with the slope 

k of the curve being between k<1 for luminescence from impurities (i.e. the so-called donor-

acceptor pair recombination or a free-to-bound exciton recombination) as shown in figure 7.2(d). 

Since our measurements on MAPbI3 do not reveal a straightforward state-filling signature (see figure 

7.2(e) below); we therefore propose an explanation in terms of a multi-valley band structure with 

excited photo-carriers effectively moving between a saddle point and valleys in the valence band via 

an optical phonon assisted process as reported by calculations performed recently by Even et al [29]. 
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Fig 7.2(f): Band diagram for MAPbI3 showing the multi gap and multi-valley character [29], inset shows 
absorption and PL spectra of films at room temperature, the absorption peak at 480 nm has been a 
source of debate for some time [25], the multi-bandgap scenario presented by in [29] explains its 
occurrence 

Their results suggest that the remarkable absorption, emission and transport properties of 

perovskites are possible by a multi-bandgap and multi-valley nature of  their electronic band 

structure; they also propose that organic cations undergo collective motion which might be 

responsible for exciton screening, resulting in a predominance of free carriers over excitons at room 

temperature and hence improvement of transport properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig (f) suggests that both primary (R) and secondary (M) transitions are optically allowed, implying 

that optically generated carriers at M (with a larger optical matrix element) and all along the M→R 

path can flow towards E easily, assisted by acoustic phonons or via coupling to molecular rotations 

of the organic cation MA+, this might explain the dual absorption peaks, and broad absorption 

spectra in perovskites which result in high photo-excitation efficiency in solar cells. 

 

7.3 Time Resolved Photoluminescence Spectroscopy 

While one of the most useful methods of understanding PL dynamics involves the analysis of 

quenching phenomena [28], it is also instructive to observe the trend of PL decay as a function of 

temperature as it can provide insights into the photo-conversion mechanism in MAPI3 solar cells. 
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Figure 7.3(a) Time resolved PL spectra for MAPbI3 showing streak camera traces in false color (left panel) 

and experimental data (black squares) with best exponential fits (red line) in the right panels 

We measured the PL decay at various temperatures and observed a substantial increase in the 

lifetime (the time it takes the fluorescence to decay to     of its initial value) from ca. 83ns at room 

temperature to 5367ns at 50K, with a slight decrease to 5043ns at 5K, we interpret this as an 

indication of high photoexcitation efficiency particularly when the crystal is cooled down. This is in 

very good agreement with results by Xing et al [25] and Stranks et al [24] who have measured 

diffusion lengths in the range of 0.1 – 1 µm using the drift diffusion model, with the diffusion length 

L given by    √  , where D is the diffusion coefficient and   , the PL decay time. 
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Chapter 8 

Conclusion and Outlook 

Organic-Inorganic hybrid perovskites are well-known materials that have been considered as 

excellent candidates for technological applications including: piezoelectricity, antiferromagnetism, 

and superconductivity and semi conductivity. Recently, several studies have shown them to be highly 

efficient in solar cell devices linked to their broad absorption in the visible and near-IR, long range 

balanced charge transport and high photo-excitation efficiency [29, 33, 35, 36]. Therefore, several 

studies point, rather optimistically to the possibility of using them as the “next big thing” in 

photovoltaic technology. 

Despite their exceptional device performance reported recently, detailed information about their 

structure, physical and electronic properties vis-a-vis their device performance is still lacking. This 

study is part of a larger effort by our group and collaborators to improve our fundamental 

understanding of perovskites and also to pave the way for several improvements in device 

fabrication, charge extraction and material design. 

Our findings underline that the solution processing route is a facile, viable option for the low cost 

synthesis of Perovskites (films and single crystals) particularly when high quality starting materials 

are used, confirmed by the absence of impurity peaks in our XRD spectra. We observe the 

tetrahedral-orthorhombic phase transition around 161K in our XRD spectra as new reflections in 

the single crystal diffraction pattern, which manifest in the steady state PL as a reversal in the 

observed trend of increasing emission wavelength with decreasing temperature. Furthermore, we 

report unusual changes in the PL spectra at temperatures around 150K, which then disappear below 

30K. 

Time resolved measurements show a large increase in PL lifetime by a factor of 60 between room 

temperature and 50K, with a slight decrease as the temperature further decreases to 5K. To the best 

of our knowledge, this has not been reported in literature before, and we take this as further proof 

of very high photoexcitation efficiency as reported in other studies. 

In the future, we hope to continue efforts to optimize the fabrication of perovskite thin films for 

solar cells and also field-effect transistors (FETs) for studying charge carrier transport. 
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