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Abstract 

Over the last ten years, organic lead trihalide perovskites 

(CH3NH3PbX3, X=Cl, Br, I) have demonstrated to be the most potential 

material in electronic and photonic applications due to its unique 

properties including high absorption coefficient,1 low intrinsic 

recombination rates,2 ambipolar transportation,3 and long carrier diffusion 

lengths.4 Perovskite materials have been intensively studied for numerous 

applications  such as solar cells,5-13 photodetectors.14-16 light-emitting 

diodes,17,18 and lasing,19,20 In the photovoltaic cell viewpoint, since the first 

perovskite solar cell (PSC) report in 2009 with a power conversion 

efficiency (PCE) of 3.8% only,21 the best PSC has recently achieved a 

surprisingly efficiency  up to 23%,13 which fulfilled the commercial 

standard for the outside solar cell. However, the major drawback of 

perovskite materials is the moisture instability which limited them for being 

launched to the commercial market. In that critical situation, the single 

crystal has promised to enable the perovskite solar cells to break through 

their limitations. More and more reports have shown that the perovskite 

single crystal helped to suppress the charge recombination and prevent the 

bulk defect density, leading to higher PCE and longer stability.22-25 The 

changing of alkylammonium chains from the CH3NH3 to hydrophobic 

longer chains such as C6H5C2H4NH3 has been demonstrated to enhance the 

stability of perovskites.26  Beside the instability issue, the environmental 

concern about the lead content has been a consideration. However, unlike 

traditional PSCs based on spin coating or dip coating polycrystal thin films, 

the single crystal one has been difficult to synthesize due to the lack of the 



 

ii 

 

sufficient growth crystallization methods. This thesis shows the results for 

single crystals growth of large centimeter scaled 3D CH3NH3PbX3, and 2D 

layered (C6H5C2H4NH3)2MX3 (X = I, Br, Cl; M = Pb, Cu) perovskite single 

crystals by solution crystallization methods.  Their crystalline, electronic, 

optical, phase transition and magnetic properties have been also 

introduced. The results should be useful for investigation of novel 

applications based on the stable and high-performance perovskite single 

crystals. 
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Chapter 1  

Introduction  

The ultrafast rise of perovskite solar cells has been inspired from the advancement 

of Park which was published in 2012. In this work, Park introduced a new mesoporous 

solar cell using lead halide perovskite (CH3NH3PbI3) deposited onto a 600 nm thick 

mesoporous anatase TiO2 layer.27 Particularly, a material, namely spiro-OMeTAD, was 

employed as a hole-transport-material (HTM) to infiltrate the TiO2/perovskite pores. 

Under AM 1.5 light exposure, the cell obtained a power conversion efficiency (PCE) of 

9.7% with an open circuit voltage, VOC, of about 0.9V. According to the paper, the 

charge collection from absorbed photons happened in the excited perovskite 

nanoparticles. Then, the holes injected from perovskite to the HTM spiro-OMeTAD, 

following by the electron transfer to the mesoporous TiO2 layer. The HTM usage also 

helped to enhance the stability of the cell in comparing with CH3NH3PbI3-sensitized 

liquid junction cells. 

The above structure has been considered as a traditional design counter of a 

perovskite solar cell.  Over last ten years, organic lead trihalide perovskites 

(CH3NH3PbX3, X=Cl, Br, I) have demonstrated to be the most potential material in 

electronic and photonic applications with nonstop rising efficiencies. The PCE 

improvements have been the results of replacing the elements of the traditional 

perovskite cell. Figure 1.1 shows the up-to-date progress in Research Cell Efficiency 

Records of hybrid lead halide perovskite solar cells.



 

2 

 

 

 

Figure 1.1 Research Cell Efficiency Records adopted from National Renewable Energy 

Laboratory (NREL) on August 2018.
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1.1 Background and Motivation 

Beyond the outstanding light-harvesting as well as conversion abilities, perovskite 

such as CH3NH3PbI2Cl is likely to play the roles in both hole and electron 

transportations. A related charge separation was found out for the 

Al2O3/perovskite/spiro-OMeTAD device developed by Henry Snaith28 and his group in 

2013. In Snaith’s work, the mesoscopic TiO2 layer was replaced by an insulating layer 

of Al2O3, which acted as a scaffold layer or supporting material for the perovskite 

CH3NH3PbI2Cl. The cell achieved the efficiency of 10.9%. The electrons could not be 

injected into the insulating Al2O3 layer. Consequently, the perovskite CH3NH3PbI2Cl 

played the roles of a light-harvester as well as an electron-transporter. In the case of 

perovskite cells without using the hole transport layer spiro-OMeTAD, CH3NH3PbI3 is 

likely to act as the HTM material. 

In  2013,  Sang Il Seok and his  co-workers at Korean Research Institute of 

Chemical Technology (KRICT) found that the cell’s open-circuit voltage can be 

optimized by swapping the HTM from using spiro-OMeTAD to a polytriarylamine 

(PTAA)29. The perovskite was also adjusted the halide ratio in mixed 

CH3NH3Pb(I1−xBrx)3 perovskite nanocrystals. In doing so, they delivered 12.3% 

efficiency, a record for perovskite cells at that time.  

Just one month later, Michael Gratzel and his collaborators set an impressive new 

record of perovskite solar cell. In Gratzel ‘s paper, the TiO2 mesoporous layer was filled 

with a pure perovskite by the sequential deposition. By increasing the loading of the 

absorber on the TiO2 structure, they achieved a PCE of 15%.30 

However, the highest certified efficiency for perovskite solar cell achievements is 

still popping up. In 2014, the team of Sang Il Seok raised the efficiency of perovskite 

solar cells to 16.2%, and then 17.9%31,32. These impressive advancements were possible 

thanks to the use of a planar thin-film layer into the mesoscopic devices. In this paper, 

polytriarylamine was employed as the hole transport material replacing the spiro-

OMeTAD. The critical point should be the use of a highly uniform perovskite active 
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upper layer with the thickness of about 100-300 nm which played a dominant role in 

generating charges in the solar cell devices. 

Even though the perovskite has attracted a wide investigations due to their unique 

light absorber for solar cells with the record PCE of 25.2%, in a monolithic 

perovskite/silicon tandem configuration,33 its Achilles heel is the moisture instability. 

The limitation prevents them to satisfy the strict international standards for outdoor 

photovoltaic applications. Various studies have been conducted to improve the stability 

of perovskites including encapsulation, single-crystal growth, and 2D layered material 

replacements.  

Another concern for the lead halide perovskite applications should be the toxicity 

of lead content. The heavy metal toxicity has been a main threat which relates to 

numerous health problems of human being. Various public health studies have been 

undertaken to investigate the harmful impacts of the heavy metals and found out that 

they remain in food chain and the human body due to our disability in self elimination 

of these kinds of metals.34 Therefore, it is an important issue to replace the lead content 

of traditional perovskite materials. 

1.2 Research Objectives 

This thesis aims to synthesize and investigate the 3D and 2D layered hybrid 

perovskite single crystals by: 

- Growing the 3D lead trihalide perovskite single crystals, 2D layered metal 

halide perovskite single crystals using solution crystallization methods (e.g. 

inverse temperature crystallization, anti-solvent, and supersaturation methods). 

- Exploring the novel methods to reduce the time-consumption and 

enhance the high quality of the single crystals. 

- Characterizing the structure, optical, photonic, electric, and phase-

transfer properties of as-prepared single crystals. 

1.3 Dissertation Overview 

 Chapter 1 is shown with a brief introduction about the background, motivation 
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and research objectives of the thesis. More detailed information relating to the 

perovskite structure, the strategies to enhance the perovskite stability of the cells, and 

growth methods for single crystals will be reviewed in the Literature Review of Chapter 

2. In chapter 3, the synthesis method and characterization for as-prepared single crystal 

is introduced. Chapter 4 reports the synthesis and characterizations of 2D layered 

(C6H5C2H4NH3)2PbCl4 single crystals using solution process. In the attempt to replace 

the lead content of perovskite system, Chapter 6 will present the synthesis of 2D layered 

lead-free (C6H5C2H4NH3)2CuCl4 single crystals using DI water solvent and low 

temperature. A device using the 2D lead-free single crystal is also undertaken to 

investigate for piezoelectric. Chapter 7 will present the growth process of 3D 

CH3NH3PbI3 single crystals and their fully characterization. The CH3NH3Br3 and 

CH3NH3Cl3 single crystal crystallization processes are shown in chapter 8, the electric 

property using AFM is also introduced. Finally, Chapter 9 will conclude the project and 

provide some further recommendations. 

1.4 Findings and Outcomes/Originality 

The novel solvent crystallization method reporting in the thesis can help to 

synthesize single crystals faster at a lower temperature than previous reports but remain 

the high quality of the single crystals. The 2D layered perovskites which are exfoliable 

to thin flake samples show the phase transition behaviour. The results help to overcome 

clamping effect in piezoelectric thin film devices. 
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Chapter 2  

Literature Review  

2.1 Organometal Trihalide Perovskites structures 

Perovskites originated from the discovery of CaTiO3 by the Russian mineralogist 

Lev Perovski, who first characterized this structure. Later, lots of materials with the 

same crystal structure were discovered and more perovskites possess a similar formula 

of AMX3, where M is a metal cation, A is a cation, and X is an oxide or a halide anion. 

Perovskite matrix is a merging of two cubic structures with 8 A cations placed at 8 

vertices of a cube with M cation at the center. M cation also belongs to an M-centered 

octahedron forming by six X anions which located at six facet centers of the cube (Fig. 

2.1a). 

 

Figure 2.1 The crystal structures of the family of perovskite. (a) The AMX3 perovskite 

structure and (b) the 2D layered (R−NH3)2MX4 perovskite structure (adopted from 1). 

The cubic geometry structure could be distorted to orthorhombic or rhombohedral 

ones when replacing A and M cations by other elements. The physical and optical 

properties of perovskites can be affected by these structural distortions. Particularly, the 

A and M sizes also have an impact on its lattice structures, and regulate the perovskite 

properties.2 
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In an intercalation of organic and inorganic on the molecular scale, the hybrid 

perovskites have attracted a special interest due to their unique structures. Typically, the 

organic group is an alkyl chain (Fig. 2.1). These hybrid perovskites are promising due 

to their signature optoelectronic properties. Additionally, organic layers help to 

designate the level of electronic properties and inner interactions in the inorganic layers3. 

Importantly, these perovskite thin films can be easily prepared by a low-cost process 

using low temperatures. 

Herein, the hybrid lead halide perovskite (CH3NH3PbI3), where A = CH3NH3
+, M 

= Pb2+, and X = I-, will be studied. The lead halide perovskite crystal structure is 

represented in Fig. 2.2.  

 

Figure 2.2 The 3D Lead Halide Perovskite structure of the CH3NH3PbI3 Crystal. 

A direct band gap of CH3NH3PbI3 has been determined in the study of Kim et al.4. 

The optical band gap with a value of Eg = 1.5 eV was reported for CH3NH3PbI3 

deposited on mesoporous TiO2. Schulz et al estimated that the position of the valence 

band energy was EV = -5.43 eV below vacuum level, and the position of the conduction 

band is at EC = -3.93 eV vs. vacuum.5 Diffusion lengths of 130 nm for electrons and 90 

nm for holes were also reported for CH3NH3PbI3. In comparison to the report of Xing, 

the diffusion length of colloidal quantum dot films is about 30 nm, and different-

method-prepared organic-conjugated materials is about 10 to 50 nm.6 
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2.2 Strategies in improving the stability of Organometal Trihalide Perovskites 

Considering a reference perovskite cell using a layer of hole transport material, 

namely spiro-OMeTAD, with LiTFSI and TBP dopants. The material was coated on a 

layer of CH3NH3PbI3 which was loaded into a layer of mesoporous TiO2. Typical 

attempts to improve the cell stability would be introduced as follows. 

2.3 Modifications of the traditional PSC components 

2.3.1 Perovskite Modification 

The perovskite cubic structure could be modified to rhombohedral or 

orthorhombic ones when A and M are substituted by other kinds of cations, leading to 

the changes of these electric and optical properties due to the structural distortions. The 

modification in perovskite properties can be conducted by replacing the size of A and X 

cations.2 It is demonstrated to greatly improve the perovskite stability by regulating 

these compounds without losing the cell performances.2,7,8 

In 2013, an attempt to modify the sensitizer CH3NH3PbI3 was conducted by the 

group of Seok.7 In this work, the ratio of I : Br in the perovskite of MAPb(I1−xBrx)3 was 

modified with x = 0, 0.06, 0.20, and 0.29, based on the fact that MAPbBr3 is more stable 

than MAPbI3,
2,9 After the high humidity (55%) exposition for one day and 35% of 

humidity on following days, the MAPb(I1−xBrx)3 solar cells were all more stable than 

the CH3NH3PbI3 ones as expectation. The I: Br ratio of x = 0.20 provided the highest 

PCE and longest stability for 20 days (see Fig. 2.3a). It was also shown that during the 

first 6 days, the cells with ratios of x = 0.20 and 0.29 indicated an increasing tendency 

in PCE, for which the mechanism was not clear. 

In the same way, the I: Cl mixed-halide perovskite CH3NH3PbI2Cl was also 

observed to have a remarkable stability during the air exposition. The absorption 

spectrum (Fig. 2.3b) retain its flattened chart over 1000 h during a constant sunlight 

illumination.10 
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Figure 2.3 (A) Room temperature variation in  PCE of the encapsulated MAPb(I1−xBrx)3 

solar cells in air at different humidity. After 20 days of air exposition, the cells with I : 

Br ratio of x = 0.2 shows the longest stability (adopted from 7) (B) UV-Vis absorption 

spectra of the cells. Inset is its flattened absorbance chart over 1000 h during constant 

illumination (adopted from 10). 

Beside the composition of hybrid lead halide perovskite MAPbX3, the compounds 

with a longer chain including (CH3NH3)(C6H5(CH2)2NH3)2Pb2I7 and 

(C6H5(CH2)2NH3)2PbX4 (where X = Cl, Br, I) have been prepared. The alkylammonium 

cations can be changed from C6H5C2H4NH3 to CnH2n+1NH3 or H3NCnH2nNH3 (n = 4, 6, 

8, 9, 10...) which the 2-D networks of Pbl4 play the role of anion components.11  

The hygroscopic amine salts are the major cause which leads to the fast moisture 

degradation of lead halide perovskites which limits perovskites to practical applications. 

Changing alkylammonium chains to hydrophobic longer chains including 

(C6H5(CH2)2NH3)2(CH3NH3)2 or C6H5(CH2)2NH3 instead of the CH3NH3 can enhance 

the perovskite stability.  Smith and co-workers fabricated the first-generation 

(C6H5(CH2)2NH3)2(MA)2[Pb3I10] solar cell that exhibited a stability for 46 days at the 

room temperature upon a 52% humidity exposition. The XRD results demonstrated the 

cell stability by the disappearance of any additional peak in the patterns (see Fig 2.4A).12 
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Figure 2.4 The stability test data using XRD (A) XRD patterns of (PEA)2(MA)2[Pb3I10] 

(1), (MA)[PbI3] films based on PbI2 (1a), and with ratio of PbCl2 :(MA)I of 1:3 (2b).12 

(B) Stability of a blend (PEA)2SnI4/P3HT film spin coateing on quartz. (C) XRD patterns 

stability after 96 h heat exposure of  devices based on Li-spiro-OMeTAD, PMMA, and 

P3HT/SWNT-PMMA HTMs (adopted from 13). (D) Stability of the spin-coated pure 

(PEA)2SnI4 film in air exposure (adopted from 2). 

The cell stability is also an important issue for tin-based halide perovskites.14 

Since the 1990’s, the powder of (CnH2n+1NH3)2SnX3 as well as (CH3NH3) 

(CnH2n+1NH3)2Sn2I7 tin halide perovskites have been synthesized by the Papavassiliou 

et al.11 The reported characteristic features of these perovskites included the narrow 

luminescence bands and the excitonic absorption. Additionally, the pure crystalline form 

and spectroscopic data of (C6H5(CH2)2NH3)2SnX4 (X = I, Br) are also reported. The 

spin-coated blend films were prepared using the (C6H5(CH2)2NH3)2SnI4 precursor 

solution in tetrahydrofuran (THF) solvent adding P3HT. As shown in the XRD patterns 

(Fig. 2.4B), the layered blend film was stable during the air exposure for at least 72 h 

comparing to several hours decomposition of the pure film (without P3HT) (Fig. 2.4D).2 
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2.3.2 Additive Modification for the Hole Transport Materials 

Since the negative influence of the conventional TBP and LiTFSI additives in 

spiro-OMETAD to perovskite cells, researching other kinds of Hole Transport Materials 

and dopants should be an appropriate way to enhance the PSC stability. In the work of  

the Zheng group, a material, namely DR3TBDTT, which is a high hydrophobic 

oligothiophene derivate, was introduced as an “additive-free” HTM in a 4.9% PEC  

perovskite cell.15 After that, by doping a new additive PDMS to a controlled 

CH3NH3PbI3-xClx cell, the PEC increased close to 8.9% (Fig. 2.5A). After 3 days during 

50% humidity exposition, the perovskite cells based on DR3TBDT/PDMS exhibited a 

longer stability than the traditional cells. The 8.8% of PEC reduced to 8.0% comparing 

with a reduction of the controlled device from 8.9 to 3.9%. The additive-free hole 

transport films also exhibited a 107.41o water contact angle since its hydrophobic 

property effectively prevents the water penetration into the perovskite (see Fig. 2.5B).  
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Figure 2.5 (A) Room temperature evolution of photovoltaic parameters of air-storing 

cells using DR3TBDTT and Spiro-OMeTAD HTMs with and without additives . (B) 

Water contact angles (adopted from 15); (C) Stability of the CH3NH3PbI2Br cells adding 

P3HT to precursor solution (stability (adopted from 16) and (D) Normalized Efficiency 

and photovoltaic performance time courses of the PANI based cells (adopted from 17). 

Using hole transport material without dopant has been a potential approach. In the 

study of the Liu group, the tetrathiafulvalene derivative (TTF-1) was employed as a 

dopant-free HTM.18 The TTF-1 material exhibited its promising by improving the cell 

stability up to three times (360 h) comparing with a traditional one using spiro-

OMeTAD (120 h) in air at 40% relative humidity. 

In 2014, Li and co-workers introduced a work introducing a montmorillonite 

(MMT) layer on the perovskite surface. The MMT-TBP intercalation  improved the 

direct contact between the TBP and perovskite layer thus enhances the cell stability.19 

Moreover, the limitation of charge recombination in the cell by using MTT leads to a 

PCE of 11.9% compared to 9 % of the without-MMT cell. 

 

2.3.3 Polymer Hole Transport Materials 

Another limitation that may limit perovskite cells to come out the market should 

be the high price of spiro-MeOTAD (see Table 2.1). 

The spiro-MeOTAD and CH3NH3PbI3 replacements by employing a dopant-free 

P3HT and CH3NH3PbI2Br for the PSCs, respectively, have been introduced by Zhang 

et al. in 2015.16 The cells without any encapsulation exhibited their good efficiency 

stability about 6% of PCE after 250 h in air exposition while using a cheaper HTM and 

a more stable sensitizer (Fig. 2.5C). As a result, the replacements helped to solve both 

cost and stability issues for PSCs.   

The Xiao group introduced a new device design by employing a dual-function 

polyaniline (PANI) for both sensitizer and hole transport materials.17 The PANI solar 

cell with a 7.34% of PCE reduced its efficiency to 6.71% after 1000 h, which equals to 

a 91.42% retention in efficiency (Fig. 2.5D). 
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Table 2.1: A comparison in  HTM cost for different solar cell configurations (adopted 

from 16). 

Cell structure Light sensitizer HTM 
Concentration 

(HTM) [mg mL-1] 

Cost (HTM) 

mL-1
 

[AU $] 

Mesoscopic CH3NH3PbI3 Spiro20 72.3 93 

Mesoscopic CH3NH3PbI3-1Clx Spiro21 88 (8 wt. %) 113 

Planar CH3NH3PbI3 Spiro22 180 231 

Mesoscopic CH3NH3PbI3 Spiro4 208 (0.170 M) 267 

Nanowire CH3NH3PbI2Br Spiro23 208 (0.170 M) 267 

Mesoscopic CH3NH3PbI3 P3HT24 15 12 

Planar CH3NH3PbI3-1Clx P3HT25 16.6 (1.5 wt. %) 13 

Mesoscopic CH3NH3PbI3 P3HT26 20 16 

Mesoscopic CH3NH3PbI2Br P3HT16 10 8 

 

The negative role of the additive Li-TFSI in the cell degrading acceleration has 

been demonstrated by the Snaith group in 2014.13 The faster degradation phenomenon 

of cells with and without Li-TFSI doped in spiro-OMeTAD was explained by its 

negative role in introducing water into the device. Then, an insulating poly(methyl 

methacrylate) (PMMA) polymer was exhibited the ability of retarding the cell 

degradation (Fig. 2.4C). Single-walled carbon nanotubes (SWNTs), along with  P3HT, 

were combined with PMMA to improve the charge transporting ability of the polymer. 

The composite exhibited its protective ability, water resistance as well as thermal 

stability for the cell.   The performed PCE was risen up to 15.3% with a 10 ± 2% in term 

of the average value. More remarkably, the device could still operate after dipping in 

water for 60 s demonstrating an impressive advance for high-efficiency and long-term 

stability of  PSCs. 
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2.3.4 Surface Treatment and Inorganic Hole Transport Material 

The idea for replacing the traditional spiro-OMeTAD with the inorganic hole 

transport material has been inspired by its cost which is ten times more expensive than 

Au and Pt. Since the CuI material is stable, cheap, and solution-processable, and has 

suitable band-edges for perovskite solar cell, the Christians group introduced  the CuI 

as a hole conductor layer.27 . The cells performed a PCE of 6.0%, which is close to that 

of the spiro-OMETAD based ones (7.9%) at the time the work was published. More 

importantly, the cell current retained its initial value for 2 h under continuous AM 1.5G 

light exposure, comparing to a 10% degradation of the spiro-OMETAD based one.   

 

Figure 2.6 (A and B) Explaination of the interfacial charge transport processes taking 

place at interface of the TiO2/dye (or perovskite)/Al2O3/electrolyte in a DSSC (adopted 

from 29,31). The light absorption before and after 18 h of stability test for the samples (C) 

without Al2O3 and (D) with Al2O3 (adopted from 33). 
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The photoanode of the cell is the contacting part to the electrolyte of the working 

environment. A feasible photoanode surface treatment has been a promising approach 

for cell stability enhancements.  Major studies have focused on some Al2O3, SiO2, ZnO 

thin oxide films which could be employed as a photoanode protective layer in liquid-

state DSSCs.28-32 The main consideration of these oxide protective layers in the DSSCs 

could be the charge suppression. As shown in Fig. 2.6A, Al2O3 has a higher conduction 

band comparing to TiO2, so that the electrons would be injected from the protective 

material to TiO2. As a consequence, the suppression of charge recombination between 

TiO2 and the electrolyte could be obviously happened. 

Li and co-workers were engaged by the above idea to employ a protective layer 

for PSCs.31 The as-prepared TiO2/perovskite films were dipped into a aluminumtriethyl 

(Al(C2H5)3 25% w/w in hexane) solution. The authors found out that the protective layer 

can obstruct the perovskite sensitizer into electrolyte corrosion. Additionally, a PCE 

improvement from 3.56% to 6.12% was obtained. In a later work, the authors used the 

same protective layer in solid-state PSCs by coating Al2O3 on top of a Spiro-MeOTAD 

HTM (see Fig. 2.6B).33 Figure 2.6C shows the light absorption of the  films. In the cell 

device, the Al2O3 protective layers play two roles: (i) prevent the perovskite from the 

humidity degradation and (ii) retard the electron recombination between TiO2 and HTM. 

As a result, under sunlight exposure for 18 h with 60% humidity, the absorption of the 

Al2O3-modified perovskite cell was remained to certain degree even though degradation, 

comparing with a sharp drop in absorption spectrum for the without protective layer 

device.  

Beside the idea of using the oxide protective layer for stabilization of PSC cells, 

metal layers have been recently employed by Da et al. The  Cr, Co, and Ni layers were 

sputtered above an 80 nm Au cathode.34 It was found out that after 12 days  in ambient 

environment, the 8 nm Ni layer PSC retained PEC of around 12% which was evidently 

more stable than the bare PSC one (reduced from about 12% to 9%). For the 

photoelectrochemical water splitting tandem cell using PSC + Fe2O3 photoanode, Ni 

layer with a thickness of 8 nm were sputtered on the photoanode and showing a 
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remarkable stability. Therefore, Ni is believed to act both catalyst for water oxidation 

reaction and protective layer of the perovskite cell.  

Nevertheless, applying perovskite solar cells in PEC water splitting application 

has been a challenge. One of the possible approaches belongs to Luo and his co-workers 

who combined the PSC with electrocatalysts.35 

2.4 Single Crystal of Organometal Trihalide Perovskites 

Even though photovoltaic performances of hybrid PSCs have been advancing 

recently by using MAPbX3 thin films, the improvements of efficiency and stability are 

also major issues. One of the promising approaches is using single crystals instead. The 

high-quality single crystals possess a continuous crystal lattice, less of bulk defects and 

low charge recombination relative to the grain boundary. Due to the above advances, 

the single crystals have been inspired more and more studies focusing on their 

optoelectronic, photonic, electric, and mechanical properties.36-38 Comparing to the thin 

film counterpart, the perovskite single crystals have superior properties including a 

extremely low trap density (109−1010 cm-3), a long diffusion length (>175 μm) as well 

as a high carrier mobility (164 ± 25 cm2 V-1 s-1). 39-42 Therefore, the optoelectronic 

devices based on the hybrid perovskite single crystal are worthy undertaken. 

2.5 References 

1 Snaith, H. J. Perovskites: The Emergence of a New Era for Low-Cost, High-
Efficiency Solar Cells. The Journal of Physical Chemistry Letters 4, 3623-3630, 
doi:10.1021/jz4020162 (2013). 

2 Cheng, Z. & Lin, J. Layered organic–inorganic hybrid perovskites: structure, 
optical properties, film preparation, patterning and templating engineering. 
CrystEngComm 12, 2646-2662 (2010). 

3 Mitzi, D. B. Solution-processed inorganic semiconductors. Journal of Materials 
Chemistry 14, 2355-2365, doi:10.1039/B403482A (2004). 

4 Kim, H.-S. et al. Lead iodide perovskite sensitized all-solid-state submicron thin 
film mesoscopic solar cell with efficiency exceeding 9%. Scientific reports 2 
(2012). 

5 Schulz, P. et al. Interface energetics in organo-metal halide perovskite-based 
photovoltaic cells. Energ Environ Sci 7, 1377-1381 (2014). 



Literature Review                                                                                   Chapter 2 

20 

 

6 Xing, G. et al. Long-range balanced electron-and hole-transport lengths in 
organic-inorganic CH3NH3PbI3. Science 342, 344-347 (2013). 

7 Noh, J. H., Im, S. H., Heo, J. H., Mandal, T. N. & Seok, S. I. Chemical management 
for colorful, efficient, and stable inorganic–organic hybrid nanostructured solar 
cells. Nano letters 13, 1764-1769 (2013). 

8 Mitzi, D. B. et al. Hybrid field-effect transistor based on a low-temperature 
melt-processed channel layer. Advanced materials 14, 1772-1776 (2002). 

9 Mosconi, E., Amat, A., Nazeeruddin, M. K., Grätzel, M. & De Angelis, F. First-
principles modeling of mixed halide organometal perovskites for photovoltaic 
applications. The Journal of Physical Chemistry C 117, 13902-13913 (2013). 

10 Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient 
hybrid solar cells based on meso-superstructured organometal halide 
perovskites. Science 338, 643-647 (2012). 

11 Papavassiliou, G. C. et al. Preparation and Characterization of (C~ 6H~ 5CH~ 
2CH~ 2NH~ 3)~ 2SnI~ 4 and (C~ 6H~ 5CH~ 2CH~ 2NH~ 3)~ 2SnBr~ 4. 
ZEITSCHRIFT FUR NATURFORSCHUNG B 48, 1013-1013 (1993). 

12 Smith, I. C., Hoke, E. T., Solis-Ibarra, D., McGehee, M. D. & Karunadasa, H. I. A 
layered hybrid perovskite solar-cell absorber with enhanced moisture stability. 
Angewandte Chemie International Edition 53, 11232-11235, 
doi:10.1002/anie.201406466 (2014). 

13 Habisreutinger, S. N. et al. Carbon nanotube/polymer composite as a highly 
stable charge collection layer in perovskite solar cells. Nano letters (2014). 

14 Umari, P., Mosconi, E. & De Angelis, F. Relativistic GW calculations on 
CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell Applications. Scientific 
reports 4, 4467, doi:doi:10.1038/srep04467 (2014). 

15 Zheng, L. et al. A hydrophobic hole transporting oligothiophene for planar 
perovskite solar cells with improved stability. Chemical communications 50, 
11196-11199, doi:10.1039/c4cc04680c (2014). 

16 Zhang, M. et al. Stable and Low-Cost Mesoscopic CH3 NH3 PbI2 Br Perovskite 
Solar Cells by using a Thin Poly(3-hexylthiophene) Layer as a Hole Transporter. 
Chemistry 21, 434-439, doi:10.1002/chem.201404427 (2015). 

17 Xiao, Y. et al. An all-solid-state perovskite-sensitized solar cell based on the dual 
function polyaniline as the sensitizer and p-type hole-transporting material. 
Journal of Power Sources 267, 1-8 (2014). 

18 Liu, J. et al. A dopant-free hole-transporting material for efficient and stable 
perovskite solar cells. Energy & Environmental Science 7, 2963-2967, doi:Doi 
10.1039/C4ee01589d (2014). 



Literature Review                                                                                   Chapter 2 

21 

 

19 Li, W. et al. Montmorillonite as bifunctional buffer layer material for hybrid 
perovskite solar cells with protection from corrosion and retarding 
recombination. Journal of Materials Chemistry A 2, 13587-13592 (2014). 

20 Burschka, J. et al. Sequential deposition as a route to high-performance 
perovskite-sensitized solar cells. Nature 499, 316-319 (2013). 

21 Wojciechowski, K., Saliba, M., Leijtens, T., Abate, A. & Snaith, H. J. Sub-150° C 
processed meso-superstructured perovskite solar cells with enhanced 
efficiency. Energy & Environmental Science 7, 1142-1147 (2014). 

22 Chen, Q. et al. Planar heterojunction perovskite solar cells via vapor-assisted 
solution process. Journal of the American Chemical Society 136, 622-625 (2013). 

23 Qiu, J. et al. All-solid-state hybrid solar cells based on a new organometal halide 
perovskite sensitizer and one-dimensional TiO 2 nanowire arrays. Nanoscale 5, 
3245-3248 (2013). 

24 Heo, J. H. et al. Efficient inorganic-organic hybrid heterojunction solar cells 
containing perovskite compound and polymeric hole conductors. Nature 
photonics 7, 486-491 (2013). 

25 Conings, B. et al. Perovskite‐Based Hybrid Solar Cells Exceeding 10% Efficiency 
with High Reproducibility Using a Thin Film Sandwich Approach. Advanced 
materials 26, 2041-2046 (2014). 

26 Bi, D. et al. Efficient and stable CH3NH3PbI3-sensitized ZnO nanorod array 
solid-state solar cells. Nanoscale 5, 11686-11691, doi:10.1039/c3nr01542d 
(2013). 

27 Christians, J. A., Fung, R. C. & Kamat, P. V. An inorganic hole conductor for 
organo-lead halide perovskite solar cells. Improved hole conductivity with 
copper iodide. Journal of the American Chemical Society 136, 758-764, 
doi:10.1021/ja411014k (2014). 

28 Law, M. et al. ZnO-Al2O3 and ZnO-TiO2 core-shell nanowire dye-sensitized 
solar cells. The Journal of Physical Chemistry B 110, 22652-22663 (2006). 

29 Luo, F., Wang, L., Ma, B. & Qiu, Y. Post-modification using aluminum 
isopropoxide after dye-sensitization for improved performance and stability of 
quasi-solid-state solar cells. Journal of Photochemistry and Photobiology A: 
Chemistry 197, 375-381 (2008). 

30 Palomares, E., Clifford, J. N., Haque, S. A., Lutz, T. & Durrant, J. R. Slow charge 
recombination in dye-sensitised solar cells (DSSC) using Al 2 O 3 coated 
nanoporous TiO 2 films. Chemical Communications, 1464-1465 (2002). 

31 Li, W. et al. Post modification of perovskite sensitized solar cells by aluminum 
oxide for enhanced performance. Journal of Materials Chemistry A 1, 11735-
11740 (2013). 



Literature Review                                                                                   Chapter 2 

22 

 

32 Liu, S.-Y. et al. Improved hydrogen gas generation rate of n-GaN photoelectrode 
with SiO2 Protection layer on the ohmic contacts from the electrolyte. Journal 
of The Electrochemical Society 157, B266-B268 (2010). 

33 Niu, G. et al. Study on the stability of CH 3 NH 3 PbI 3 films and the effect of 
post-modification by aluminum oxide in all-solid-state hybrid solar cells. Journal 
of Materials Chemistry A 2, 705-710 (2014). 

34 Da, P. et al. High-Performance Perovskite Photoanode Enabled by Ni 
Passivation and Catalysis. Nano Letters 15, 3452-3457, 
doi:10.1021/acs.nanolett.5b00788 (2015). 

35 Luo, J. et al. Water photolysis at 12.3% efficiency via perovskite photovoltaics 
and Earth-abundant catalysts. Science 345, 1593-1596, 
doi:10.1126/science.1258307 (2014). 

36 Brenner, T. M., Egger, D. A., Kronik, L., Hodes, G. & Cahen, D. Hybrid organic—
inorganic perovskites: low-cost semiconductors with intriguing charge-
transport properties. Nature Reviews Materials 1, 15007, 
doi:10.1038/natrevmats.2015.7 (2016). 

37 Saidaminov, M. I. et al. High-quality bulk hybrid perovskite single crystals within 
minutes by inverse temperature crystallization. Nature Communications 6, 
7586, doi:10.1038/ncomms8586 

https://www.nature.com/articles/ncomms8586#supplementary-information (2015). 

38 Maculan, G. et al. CH3NH3PbCl3 Single Crystals: Inverse Temperature 
Crystallization and Visible-Blind UV-Photodetector. The Journal of Physical 
Chemistry Letters 6, 3781-3786, doi:10.1021/acs.jpclett.5b01666 (2015). 

39 Baikie, T. et al. Synthesis and crystal chemistry of the hybrid perovskite 
(CH3NH3)PbI3 for solid-state sensitised solar cell applications. Journal of 
Materials Chemistry A 1, 5628, doi:10.1039/c3ta10518k (2013). 

40 Dang, Y. et al. Bulk crystal growth of hybrid perovskite material CH3NH3PbI3. 
CrystEngComm 17, 665-670, doi:10.1039/c4ce02106a (2015). 

41 Dong, Q. et al. Electron-hole diffusion lengths > 175 μm in solution-grown 
CH3NH3PbI3 single crystals. Science 347, 967-970, 
doi:10.1126/science.aaa5760 (2015). 

42 Shi, D. et al. Low trap-state density and long carrier diffusion in organolead 
trihalide perovskite single crystals. Science 347, 519-522, 
doi:10.1126/science.aaa2725 (2015). 

 

 

 

https://www.nature.com/articles/ncomms8586#supplementary-information


 

23 

 

 Chapter 3  

Experimental Methodology  

3.1 Fabrication of the perovskite cells 

3.1.1 Fabrication of TiO2 substrates  

The substrates for PEC cell were fluorine doped tin oxide glass (FTO, resistance 

< 14 Ω\□, 2.2 nm of thickness, Pilkington). The FTO substrates were ultrasonic cleaned 

using DI water, ethanol and acetone. For the TiO2 precursor preparation, a commercial 

TiO2 paste (Dyesol DSL 30 NRD) was used, diluted 1:3.5 (wt) in absolute ethanol with 

stirring in 24h. The TiO2 precursor (60 µl) was spin-coated on 3 ×3 cm FTO substrates 

(5000 rpm, 30 s). After drying for 15 min at 125oC, the films were sintered for 30 min 

at 500oC. The average mesoporous size is of about 20 nm.  

3.1.2 Fabrication of perovskite layer  

There are two methods to make the perovskite layer as shown in Fig. 3.1: 

 

Figure 3.1 Two procedures for fabrication of perovskite solar cells 

- The single procedure: Lead Halide perovskite (CH3NH3PbI3) was prepared by 

mixing Methylammonium Iodide (CH3NH3I, 160.57 mg) and Lead Iodide (PbI2, 470.33 

MG, Aldrich) in 1 mL N, N-dimethylformamide (DMF, 99.8% Aldrich) at 70 °C with 

stirring inside glove box. In order to make perovskite layer, 40 microliters of perovskite 

precursor solution were spin-coated on the mesoporous TiO2 layer at 4000 rpm for 30 s. 

Then the film was dried at 100 °C for 30 min.   

- The sequential procedure: 461 mg PbI2 was dissolved in 1 ml N, N-

dimethylformamide (DMF, 99.8% Aldrich) at 70 °C to make 1M PbI2 solution. 40 
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microliters of perovskite precursor solution were spin-coated on the mesoporous 

TiO2 layer at 4000 rpm for 30 s. Then the film was dried at 100 °C for 10 min. The HTM 

was formed by the same way in the one-step coating procedure. Then the Au layer was 

fabricated by thermal evaporation method. 

3.1.3 Single crystal growth methods 

Based on the inverse temperature behaviour in solubility, the Inverse Temperature 

Crystallization (ITC) have been employed to grow the perovskite single crystals.1-3 In 

this method, the room temperature precursor solutions are heated up to specific 

temperatures, in which the solubility of the materials is lower than that at room 

temperature. The residual amount of materials in the precursors will ignite to the 

crystallization. The solvents for ITC method should be GBL, DMF and the mixture of 

them with some antisolvents to accelerate the growth rates. The ICT method has been 

demonstrated its ability to grow the high-quality single crystals such as CH3NH3PbX3 

(X = I, Br, Cl).1,4,5 

The second common growth technique should be the slow evaporation method. 

Since the evaporable solvents are used for the precursor solutions, the method has been 

through a slow evaporation of the solvent to increase the amount of materials in 

precursors as well as to reduce the volume of solvents used. Then, the material residues 

will promote the crystallizations. This is a facile growth method due to a fast rate but 

not an appropriate way to grow the high-quality single crystals.5-9 Furthermore, the 

evaporated solvents may impact in a harmful way to the human being. However, for 

some 2D layered perovskite single crystals, the slow evaporation exhibits its 

irreplaceability. To grow the single crystal employing this method, a safe condition for 

growth process should be applied. 
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Figure 3.2 Illustrations of the perovskite growth technique (a) Inverse Temperature 

Crystallization method, (b) Antisolvent Crystallization method, and (c) Slow evaporation 

method. 

Antisolvent Crystallization (AC) method should be placed in the third common 

growth technique. To apply the AC method, appropriate solvents, which possess a low 

solubility to the materials, are chosen with a specific ratio between antisolvent/solvent. 

Normally, the antisolvents play the role of decreasing the solubility of the precursor and 

thus ignite to the perovskite crystallization. Interestingly, the mixture solvents 

sometimes help the perovskite dissolve easier. The typical antisolvents could be ACN, 

Ethanol, DMF, and DMSO.10-12  

3.2 Characterizations 

 The morphology of the samples was characterized by a JEOL JSM-6700F field 

emission scanning electron microscope using 10 kV and 10 µA electron beam. X-ray 
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diffraction patterns (XRD) were recorded by a Bruker D8 Advanced diffractometer with 

CuKα radiation (Average wavelength λ = 1.54184 Å). 

The absorbance of the high transparent PEPC single crystal was recorded by UV-

Vis-NIR Spectrophotometer Shimadzu UV3600 in integrating-sphere mode.  

Fig. 3.2 illustrates the diagram of a photoluminescence measurement system. A 

0.45mW continuous-wave He-Cd laser with the wavelength of 442 nm is used as an 

excited source. The laser beam is periodically interrupted by an optical chopper which is 

widely used in combination with a lock-in amplifier (Fig. 3.2). The chopper is used to 

modulate the intensity of the laser beam, and a lock-in amplifier is used to enhance 

the signal-to-noise ratio. After going through a mirror and lens system, the laser beam 

is exposed to the sample. A 50 µm slit helps to obtain a monochromatic reflectance light 

beam. Then, the beam is received by a monochromator. This monochromator allows a 

wavelength of 750 nm to transmit. A photomultiplier tube changes optical signals to 

digital signals which are processed by a computer to get the photoluminescence data of 

the sample.  

 

Figure 3.3 Illustration diagram of a photoluminescense measurement system. 

X-ray powder diffraction (XRD) patterns were collected using a Bruker-AXS D8 

Advance X-ray diffractometer with CuKα (λ=1.54186 Å) in the range 2θ of 10-50o with 

step size 0.05o and a time setting of 0.5 second per step.  
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Figure 3.4 Illustration of the XRD diffraction mechanism.  

Asylum Research MFP-3D AFM was used for topographic images and 

piezoelectric measurements of crystals using contact mode and Piezoelectric Force 

Microscopy (PFM) mode, respectively. Samples for piezoelectric measurements were 

prepared by using the adhesive tape to peel off layers of PEPC from its as-grown single 

crystals. Then, silver paste was used to contact the samples with the AFM holder. After 

30 min, the tape was removed from the holder and left behind the peeled layers which 

contacted with holder by a dried silver paste layer. Piezoelectric signal was collected 

from the top of the samples at various positions, from which piezo-responses depicting 

the amplitude, phase. The silver paste played the role of bottom electrode for PFM 

measurements. All measurements were performed using conductive PtIr coated 

cantilevers (ANSCM-PT, AppNano) with a nominal spring constant of 3 N/m and a 

resonance frequency of 375 kHz.  

Ferroelectric polarization hysteresis was measured by a precision LC ferroelectric 

tester (Radiant Technologies) loops conducted at room temperature and frequency f 

= 200 Hz.  

Dielectric constant was measured using an LCR metre (Agilent E4980A) over a 

temperature range from 30 °C to 165 ºC in various frequencies.  

Differential scanning calorimetry (DSC) was recorded on a DSC Q10 (TA 

Instruments) at a rate of 5 ºC/min over a temperature range from 10 °C to 170 ºC under 

nitrogen (flow rate 50 mL/min).  
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Thermal gravimetric analysis (TGA) was conducted on a TGA Q500 (TA 

Instruments) at a rate of 5 ºC/min over a temperature range from 10 °C to 700 ºC under 

an air flow (flow rate 60 mL/min).  

Solubility test: The PEPC powder for the solubility test was obtained by grinding 

the prepared crystals. The 200 µl vials of DMSO solvent were heated at under stirring 

while the perovskite powder was added with a small amount of 0.01 g by 0.01 g. 

Saturation condition was obtained when the perovskite powder did not dissolve 

completely after 30 mins in the solvent. The process was repeated at various 

temperatures. 
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Chapter 4 

Growth and Ferroelectric Property of Two-dimensional Layered 

Hybrid Perovskite (C6H5C2H4NH3)2PbCl4 Single Crystals and 

Ferroelectric Properties 

Recently, two-dimensional (2D) layered organic-inorganic perovskites have been 

a hot topic not only in photovoltaics but also in laser and photo-detection applications 

due to their remarkable electronic and optical properties. Structurally, these hybrids are 

suitable for studying of piezoelectricity. However, the piezoelectric measurements of 

such hybrids have been limited by the internal stress in their substrate interface which 

leads to the suppression of their piezoelectric performance, and the absence of a fast 

method for making the single crystals of sufficient size and high quality. Here, we report 

a facile solvent method in growing the 2D layered (C6H5C2H4NH3)2PbCl4 (or PEPC) 

perovskite single crystals. The XRD patterns reveal their high crystalline quality with 

(400) dominant plane. The ferroelectric properties of their crystals have been found by 

using the Piezoelectric Force Microscopy (PFM). An effective piezoelectric coefficient 

of 90 pm V-1, a remnant polarization of about 0.85 μC cm−2 and a coercive field of about 

1.5 kV/cm were generated. These results provide a new way to develop new 

piezoelectric/ferroelectrics and photovoltaics based on 2D layered hybrid perovskite 

single crystals.  
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4.1 Introduction 

Organic-inorganic trihalide perovskites have been recently the most promising 

materials for not only photovoltaics but also lasers, light-emitting diodes, and 

photodetectors.1-5 With perovskite structure, these materials have been expected to 

employ in piezoelectric and ferroelectric applications. However, only a few perovskite 

components have been reported to ferroelectric behaviours. According to Benedek and 

co-workers, structural distortions in the perovskite family of materials are the major 

factor that determines their ferroelectricity.6 In particular, the cation displacements that 

accompany the octahedral rotations play a crucial role in suppressing ferroelectricity in 

these materials. Consequently, the study on ferroelectricity of hybrid trihalide 

perovskites has been limited to several case reports. By using computational studies 

including electronic structure, molecular dynamics, and Monte Carlo simulation 

techniques, Walsh et al. demonstrated the possible formation of ferroelectric domains 

in the methylammonium-based systems.7 Additionally, the Coll group introduced a 

study on ferroelectric properties of methylammonium lead iodide (MAPbI3) perovskite.8 

In this work, MAPbI3 perovskite exhibits a strong increase of piezoelectric response 

under illumination but does not possess permanent polarization at room temperature.  

The film-devices also suffer the internal stress in the interface with substrates 

(clamping effect) which directly leads to the suppression of their piezoelectric 

performance. Moreover, the instability and disorder in methylammonium 

polycrystalline films can obscure the ferroelectric performance of trihalide perovskites. 

Currently, the perovskite single crystal has been attracted more and more attentions to 

its remarkable advancement in improving electronic, photovoltaic properties as well as 

stability.9 In ferroelectric applications, the crystals can overcome the clamping effect 

due to its free standing nature. It is demonstrated to greatly improve the stability of 

perovskite by replacing alkylammonium chains from methylammonium to hydrophobic 

longer chains such as benzylammonium and phenylethylammonium, which are called 

two-dimensional perovskites.10 The Liao group reported the ferroelectricity behaviour 

of two-dimensional Benzylammonium Lead Chloride (C6H5CH2NH3)2PbCl4 single 

crystals which have a ferroelectric spontaneous polarization of Ps = 13 µC cm-2 and a 
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higher Curie Temperature of Tc = 438 K with a band gap of 3.65 eV. The crystals were 

synthesized by slow evaporating of a solution at 363 K using N,N-dimethylformamide 

(DMF) as solvent.11  

4.2 Single Crystal Growth Process for PEPC 

The options of suitable solvents have been a crucial issue that determines the 

crystal growth process and its quality. For lead trihalide perovskite, the most commonly 

used solvents are ɣ-butyrolactone (GBL), DMF, and dimethylsulphoxide (DMSO).12 

For PbI2 and PbBr2 based perovskite crystallizations, GBL and DMF has been widely 

used, respectively, as these organic solvents can minimize the interactions between the 

ions during the growth crystal process as well as poor hydrogen bond-forming ability. 

For PbCl2 based perovskite, DMF can be used as solvent in the crystalline growth.13,14 

However, the precursor solution saturates at very low concentration which leads to low 

effective crystallization process. Meanwhile, DMSO can well dissolve all PbI2, PbBr2, 

and PbCl2 based perovskites. Moreover, the solubility of PbCl2 in DMSO is much higher 

than that in DMF, which would be beneficial for improving the uniformity of the 

perovskite films.15,16 Zhang et. al reported that the solution of PbCl2 based perovskite in 

DMSO system dramatically improved the film properties resulting in crack-free 

morphology and enhanced light absorption of the sample, while remaining its crystalline 

structure.13 So that, DMSO can be a suitable solvent for PEPC crystallization process. 

Recently, anti-solvent vapor –assisted crystallization (AVC) method has been 

used for the growth of perovskite crystals. In AVC method, an appropriate anti-solvent 

is slowly diffused into a solution containing the crystal precursors, leading to the growth 

of crystal.17 By using AVC method with a solvent as DMF and an anti-solvent as 

nitromethane, Eijk and the co-authors prepared colourless transparent two-dimensional 

(C6H5C2H4NH3)2PbBr4, abbreviated PhEPbBr4, perovskite crystals for scintillation 

applications.18 The PhEPbBr4 crystals obtained the size of 5 × 6 × 1 mm3 after two 

months of growth. In addition, regarding to the retrograde solubility behaviour of MA-

based perovskites in certain solvents, inverse temperature crystallization (ITC) has been 

also introduced.19,20 The ITC method overcomes the time consumption of conventional 
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crystallization methods such as the typical cooling or AVC techniques.21,22 In the work 

of the Saidaminov group, the solubility of MAPbI3 and FAPbI3 in GBL, MAPbBr3 in 

DMF as well as FAPbBr3 in DMF:GBL (1:1 v/v) has been reported. The hybrids 

exhibited the retrograde solubility behaviours in the corresponding solvents and their 

single crystals have been prepared using ITC method.12 However, the solubility of 

PbCl2 exhibits the increase behaviour in DMSO. Warren and the co-workers reported 

that in 100% DMSO, the solubility of PbCl2 at 303 K was 0.585 mol/1, and increased 

significantly to 1.13 mol/l at 318.5 K.23 For the increasing solubility behaviour 

component, the facile low-temperature solution growth process can be employed. The 

low-temperature solution growth is the simplest method for crystallizations of organic 

crystals for mass production, in which the relative supersaturation is the most significant 

parameter that affects the growth rate of the crystals.24 

Herein, we present a facile low-temperature method in growing the 2D layered 

PEPC single crystals using DMSO as solvent. The PEPC crystals with the band gap of 

about 3.54 eV have pure phase and high crystallinity as confirmed by XRD data. The 

phase hysteresis loop and domain regions on single crystal and thin film can be observed 

by using Piezoelectric Force Microscopy (PFM) measurements. The box-in-box 

switching test and ferroelectric hysteresis test were also performed to study the 

ferroelectrics of PEPC material.  

4.3 Structure Characterizations 

Figure 4.1 shows the growth process of PEPC single crystals. PEPC was prepared 

by mixing a stoichiometric amount of PbCl2 and 2-Phenylethylamine hydrochloride in 

DMSO solvent. It is known that the concentration of PbCl2-based solution increases by 

increasing temperature due to its solubility behaviour. However, the temperature 

decrease from over 50oC during the filtration step leads to rapid precipitation in the 

solution which affect the crystallization process of PEPC. We observed that the 1.2 M 

of well-dissolved solution was obtained by heating the solution at 50oC under stirring. 

After that, the solution was filtered using PTFE filter with 0.2 µm pore size and replaced 

in vials. More importantly, the clear solutions were obtained after filtering process. The 
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vials containing clear solutions were kept at room temperature under ambient condition 

and humidity of around 50%. Small plate-like crystals were obtained after 5 min and 

mm-size rectangle crystals were formed after 3 h. Figure 4.1a shows the 3 mm × 5 mm 

rectangle plate-like crystal which were grown after 6 h in DMSO solvent, and Figures 

4.1 (b and c) are the photographs of transparent colourless PEPC crystals. 

 

Figure 4.1 Crystal growth process. (a) PEPC rectangle plate-like crystals grown in a vial 

using DMSO as solvent, (b, c) Photographs of transparent colorless PEPC crystals after 

6 h of growth. 

 We also conduct the solubility test for PEPC single crystals. The PEPC powder 

for the solubility test was obtained by grinding prepared crystals. 200 µl vials of DMSO 

solvent were heated at under stirring while the perovskite powder was added with a 

small amount. The temperature-dependent solubility of PEPC single crystals shows in 

Figure 4.2. The solubility of PEPC at 50oC was 0.7 ± 0.05 g/ml corresponds to 

approximately 1.2 M of solution concentration. After 1 month of growth, we obtained 

centimeter-scale PEPC single crystals (inset image in Fig. 4.5). 
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Figure 4.2 Temperature-dependent solubility of PEPC single crystals. The error bars 

correspond ±0.05 g/ml.  

To characterize our as-deposited films, x-ray diffraction (XRD) with Cu Kα 

radiation was employed to determine the crystal structure and phases X-ray diffraction 

(XRD) was employed to characterize the crystallinity of the as-grown PEPC crystals. 

Figure 4.3 shows the powder XRD patterns of the PEPC powder grinding from large 

crystals. The calculated powder XRD (red line in Fig. 4.3) was used for comparison. 

The consistency in peak positions between the experimental and calculated patterns 

indicates the pure pattern and phase of as-grown PEPC crystals. Particularly, the 

dominant peaks in powder PEPC crystals are at 2θ = 10.5 o, 15.9 o, 21.15 o, 26.48 o, 

31.94 o, and 37.35 o corresponding to lattice planes of (400), (600), (800), (10 00), (12 

00), and (14 00), respectively. Additionally, the only (n00) (n = 2, 4, 6 …) peaks in XRD 

pattern of as-grown single crystal, without detecting any impurity phases, can confirm 

to its high crystallinity.  
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Figure 4.3 Structural properties of PEPC single crystals. (a) XRD patterns recorded on 

the crystal surface (black) and powder (blue). The red pattern is simulated for the 

perovskite powder, (b) Sketch of the PEPC perovskite atomic structure of one unit-cell, 

and (c) layered organic-inorganic structure viewed along c axis and the unit-cell is 

indicated by a red rectangle. The black balls at the centre of the octahedrons represent 

the Pb atoms while Cl atoms are displayed in green. The blue and brown symbols 

represent the phenylethylammonium chains. 
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Table 4.1: Crystallographic Data for PEPC or (C6H5CH2CH2NH3)2PbCl4. 

Chemical Formula             C16H24Cl4N2Pb 

Formula weight, g mol−1 593.39 

Wavelength, Å CuKα (λ=1.5418 Å) 

Crystal System    Monoclinic 

Lattice type         C 

Space group name     C 2/m 

Space group number   12 

V, Å3 1056.391501 

Z 2 

Lattice parameters 

a, Å 

b, Å       

c, Å       

α, deg  

β, deg         

γ, deg    

 

33.81600   

5.61210 

5.57800 

90.0000 

93.6900 

90.0000 

where a, b, c, unit-cell parameters; α, β, γ, unit-cell angles; V, unit-cell volume; Z, 

number of formula units in the unit cell. 

Crystallographic data in Table S2 shows that PEPC belongs to monoclinic crystal 

system with space group of C 2/m. Unit-cell parameters and angles are a = 33.81600 Å, 

b = 5.61210 Å, c = 5.57800 Å, and α= γ= 90.00o, β = 93.69o, respectively. By using unit-

cell parameters, we simulated the structure of 2D layered organic-inorganic PEPC 

perovskite.25 Figures 4.3 (b and c) depicts the sketch of the PEPC perovskite atomic 

structure of one unit-cell, and layered organic-inorganic structure viewed along c axis, 

respectively. The XRD and simulation results can explain for the growth mechanism as 

well as the layered structure in AFM image of PEPC crystals. The only-peak in XRD 

pattern of the as-grown PEPC crystal indicates that the crystal is completely occupied 

by the (400) facet, resulting in the preferable crystal growth along the [400] direction, 

which is perpendicular to the c-axis.26 Therefore, the thickness of one unit-cell layer 
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equals to the value of the c parameter or 5.57800 Å. As a result, about 18 unit-cells are 

evaluated for one 10 nm thick layer in AFM image. 

The paraelectric-ferroelectric phase transitions in classic oxide perovskite 

ferroelectrics BaTiO3, PbTiO3 and BiFeO3 are generally driven by off centring of a 

‘lone-pair cation’ or an octahedral ‘d0 cation’ through the second-order Jahn–Teller 

effect. However, a new mechanism of hexagonal YMnO3 was theoretically reported by 

the Spaldin group in 2004, which is so-called “geometric ferroelectricity”.27 Another 

ferroelectric mechanism should be “hybrid improper ferroelectricity - HIF” which was 

introduced by Benedek and Fennie in 2011 for the layered Ca3Mn2O7 perovskite.28  The 

hybrid improper ferroelectricity requires coupling of two distinct non-polar modes to 

produce a net polar symmetry. These later two mechanisms are typically driven by 

purely geometric effects. Particularly, the ferroelectricity arises from the tilting of MnO5 

polyhedra in the case of YMnO3, and octahedral rotations and/or cation ordering in the 

more general case of Ca3Mn2O7 perovskite.  

Unlike in the case of 3-D perovskites, where the octahedral tilts 

centrosymmetrically, the 2-D layered perovskites (i.e., PEPC, PECC) consist of 

octahedral tilting and twisting in the structure which can naturally give rise to a 

polarization (Fig. 4.4).  

 

Figure 4.4 The tilting and twisting of PbCl6 octahedra in the 2-D PEPC perovskite 

structure (a) under TC temperature, the structure is anisotropic where b-axis polarity 

arises as a natural consequence of the ‘in-phase’ tilting around the a-axis, and (b) above 

TC temperature, the lattice is symmetric with no octahedral tilting.  
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The Curie Temperatures, Crystal Structures, and Ferroelectric Types of Typical 

Ferroelectric materials are shown in Table 1. 

Table 4.2:  Curie Temperature, Crystal Structure, and Ferroelectric Type of Typical 

Ferroelectric materials. 

Material TC (°C) 
Crystal 

Structure 
Ferroelectric Type 

Pb(Zr,Ti)O3  200  Tetragonal  lone pair 

BaTiO3 13029  Tetragonal lone pair 

PbTiO3   47030  Tetragonal lone pair 

 BiFeO3   82031  Rhombohedral lone pair 

Ca3Mn2O7 220-3202  Tetragonal HIF 

YMnO3  100028,32  Hexagonal33 geometric 

(Benzylammonium)2PbCl4   16511  Orthorhombic geometric 

PEPC (This work) 150  Monoclinic geometric 

 

4.4 AFM Topography of the Crystal Surface 

The topography of as-grown PEPC single crystals was performed using Atomic 

Force Microscope (AFM MFP-3D, Asylum Research). A topographical image of 50 × 

50 µm2 surface area of as-grown PEPC single crystal is shown in Figure 4.4a.  We 

observed layered structure of the crystal surface with a surface root mean square (RMS) 

roughness of about 4.6 nm (see Table 4.3).  Figure 4.5b shows the cross section of crystal 

surface along the red line in Figure 4.5a which indicates that the thickness of each layer 

equals to about 10 nm.  
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Figure 4.5 (a) AFM topographical image of the as-grown PEPC single crystal surface, 

and (b) Cross section along the red line in (a). 

 

Table 4.3: Roughness Data of the as-grown PEPC single crystal from Fig. 4.4a. 

Parameter Full Image 

Values:   

Standard Deviation, nm         4.572 

Max, nm 81.325 

Min, nm -28.384 

RMS, nm 4.572 

Average Deviation, nm 3.260              

Skew 0.563                

Kurtosis                 12 

Surface Area, µm²             2500           

 

4.5 Optical and Photonic Properties 

The photoluminescence and UV-vis spectra of the layered PEPC single crystal are 

shown in Figure 3 and Figure 4.6, respectively. The UV-vis spectra confirms their 

absorption maximum peak at approximately 338 nm,34 which is ascribed to the exciton 

absorption of the layered perovskite lying at the red side of the continuum absorption 

due to inter-band transition.  
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Figure 4.6 Ultraviolet-vis absorption spectra of single crystals. of the 310 - 800 nm range 

showing the absorption maximum peak at 338 nm. Inset: Photograph of PEPC single 

crystals after 1 month of growth. 

Contrast to the observed sharp excitonic absorption peak, the PEPC single crystal 

shows a strong broad band white light emission centered at around 500 – 600 nm, with 

negligible band edge emission detected. The white light emission of a variety of 2D 

perovskites has been discovered and well-studied, which is generally attributed to the 

consequence of strong exciton-lattice coupling in the 2D perovskite system, namely self-

trapped exciton emission. Due to the highly-distorted lattice with respect to the ground 

state by strong exciton-phonon coupling, the self-trapped exciton emission can be very 

broad and featureless in contrast with free excitons. 35-37 The negligible free exciton 

emission indicates the self-trapping of the free excitons should be ultrafast and 

barrierless.37 Fitting the temperature-dependent PL intensity in Figure 4.7b yields 

thermal activation energy of around 116 meV, implying the strong ‘trapping’ of the 

excitons due to local potential/defects and/or large exciton binding energy due to multi-

quantum-well structure of 2D perovskites.38 Consistent with the PL intensity results, the 

self-trapped excitons have a lifetime of around 4.5 ns at room temperature, which 
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drastically increased by 3 orders to around 1.5 s at 77 K (Figs 4.7c,d). This indicates 

the high stabilization of these self-trapped excitons under low temperature.   

 

Figure 4.7 Optical properties of PEPC single crystals. (a) The PL spectra of the PEPC 

SC with different temperatures. (b) The temperature-dependent PL intensity. (c-d) The 

time-resolved PL at 300 K and 77 K, respectively. All measurements were performed 

with 340 nm excitation. 

4.6 Piezoelectric Force Microscopy Characterizations 

Piezoelectric Force Microscopy (PFM) measurement with a maximum bias 

voltage of ±10 V was employed to investigate the piezoelectric properties at room 

temperature of the PEPC crystals. Figure 4.8a shows the schematic diagram of the 

measurement set-up. All measurements were performed using conductive PtIr coated 

cantilevers (ANSCM-PT, AppNano) with a resonance frequency of 375 kHz.  For 
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undertaking the suitably strong applied electric field through the single crystal, we used 

the adhesive tape to peel off layers of PEPC from the as-grown single crystal. The 

piezoelectric measurements were conducted on thin layered crystal surface. Silver paste 

was used to contact the peeled sample with the sample holder and played the role of 

bottom electrode. Piezoelectric signal was recorded from the top of the samples at 

various positions, from which piezo-responses depicting the amplitude and phase as a 

function of bias voltage.  

The phase signals in Figure 4.8b exhibits a ∼180o reproducible hysteresis loop 

which indicates that the downward polarization obtains under the application of a 

negative poling voltage and becomes upward when the poling voltage exceeds the 

coercive bias voltage. The coercive voltage of ∼0.85 V was evaluated using the equation 

(𝑉𝐶
+ − 𝑉𝐶

−)/2, where 𝑉𝐶
+and 𝑉𝐶

− are the forward and reverse coercive bias voltages.39 

For the peeled single crystal with thickness of 5 µm (Fig. 4.8d), the coercive field is 

estimated of about 1.7 kV cm-1, which is much smaller than those of some typical 

ferroelectric materials like PVDF (500 kV cm–1)40, BTO (10 kV cm–1)41, PZT (20 to 80 

kV cm–1)42, DIPAC (9 kV cm–1)43, and  α-DIPAB (5.0 kV cm–1).44 The shift toward 

positive bias voltage of the hysteresis loop is relative to the difference in work functions 

of two electrodes: 5.6 eV for PtIr and 4.6 eV for silver paste.45,46 The amplitude (blue 

curve in Fig. 4.8c) shows the displacement of the AFM tip caused by the deformation 

of the sample under the bias voltage resulted in a butterfly-like curve, suggesting the 

switching of the ferroelectric domains.  

The value of piezoelectric coefficient d33 can be calculated from the amplitude 

curve through the following equation:47,48 

𝑑33 =
𝐷 − 𝐷𝐼
𝑉 − 𝑉𝐼

 

where D is the measured value of piezoelectric deformation, V is the applied voltage, 

while 𝐷𝐼, 𝑉𝐼 are the piezoelectric deformation and applied voltage of the intersection, 

respectively. The black curve in Figure 4.8c shows the piezoelectric coefficient curve 

d33 of PEPC samples which is calculated using equation (4.1). It indicates that the 

maximum value of 90 pm V-1 of d33 can be obtained. This piezoelectric coefficient d33 

value of PEPC single crystal is comparable to other typical ferroelectric materials like 

(4.1) 
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PbTiO3 (65 pm V-1)49, PbZr0.2Ti0.8O3 bulk crystal (87 pm V-1)50,  BaTiO3 thin film (40 

pm V-1) 51, PVDF (25.49 - 49.61 pm V-1) 52, and PVDF/GO nanofibers (-93.75 pm V-

1 ).53 

Single frequency PFM mode (AFM MFP-3D, Asylum Research) was employed 

under a 1.0 V AC drive amplitude voltage to investigate for imaging the piezo-response 

of PEPC samples. The phase image depicts two domain regions with a clear 180o 

contrast (Fig. 4.8f) which are accordingly presented in the amplitude image (Fig. 4.8e). 

This domain area is irrelevant to its topography (Fig. 4.8d). Particularly, the bright and 

dark regions in the phase image exhibit the piezo active areas where the bright areas 

corresponding to the positive and the dark areas corresponding to the negative 

orientation.  

 

Figure 4.8 Piezoelectric effect of PEPC single crystals. (a) Schematic diagram of the 

piezoelectric measurement set-up for the single crystals. (b) Phase hysteresis loops 

measured on the crystal surface under application of tip bias voltage, (c) Amplitude 

signal (blue curve), and piezoelectric coefficient d33 (black curve). (d-f) Topography of 
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the peeled PEPC single crystals, and its corresponding amplitude and phase response 

images, respectively. (g-i) Topographical image of the peeled PEPC thin film sample, 

and its corresponding amplitude and phase response images, respectively. 

The domain structural images for the PEPC thin film sample are shown in Figures 

4.8g-i. The domains of thin film are smaller than that in single crystal due to its poly-

crystallization. The phase PFM images of the thin film sample also reveal the two 

polarization domain regions with 180o contrast. Figure 4.8b shows the dependence of 

phase and amplitude of the thin film sample with bias voltage which displays a 180o 

hysteresis loop and a butterfly curve, respectively. As indicated in the smaller phase 

hysteresis loop, the local coercive field of the thin film is smaller than that of the single 

crystal.  

However, even though 180o hysteresis loops have been obtained in both PEPC 

single crystal and thin film samples, it does not warrant the switchable polarization 

under the electric field.54 Therefore, the local switching test to confirm the switchable 

ability was performed by applying the box-in-box bias between the conductive PFM tip.  

4.7 Box-in-box Switching Testing 

Firstly, the PFM measurement was carried out over an initial area, whose 

topography, amplitude and phase signals are shown in Figures 4.9a, c, g, respectively. 

Then a selected region of 5 × 5 μm2 was polarized using an +9 V bias applied to the 

PFM tip. The brighter box in the center of Figures 4.9d, h indicates that the polarization 

was oriented upward. After that, an area of 2.5 × 2.5 μm2 inside the bigger box was 

scanned using an opposite bias of -9 V, the polarization orientation of this box-in-box 

region was switched downward as shown in Figures 4.9e, i.  
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Figure 4.9 Box-in-box switching measurement of PEPC on the PEPC thin film sample. 

(a) Topography of the as-prepared thin film. (b) Phase and amplitude curve employed on 

the as-prepared thin film. (c-f) Amplitude images of (c) as-prepared sample, (d) after 

writing polarization “upward” by applying a box of +9V bias, (e) after switching 

polarization “downward” by applying a box-in-box of -9V bias. And (g-k) their 

corresponding phase images, respectively. The scale bar is 2 µm. 

 

 

                             Figure 4.10. The box-in-box switching area after 20 days. 
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After 40 h poling, the downward polarization area in the small box became 

disappeared, resulted to the blurred colour region in Figures 4.9f, k, while the upward 

polarization area remained, even after 20 days (Fig. 4.10). The gradual loss of downward 

polarization can be attributed to the presence of substrate-induced strains and internal 

bias in the PEPC thin film.55 

4.8 Phase Transition Behaviours 

We measured the ferroelectric hysteresis loop for the PEPC single crystal at 

frequency 200 Hz and room temperature. As shown in Figure 4.12a, a typical 

ferroelectric hysteresis loop is observed in the polarization vs. electric field (P-E) curves 

of PEPC single crystal. In some cases, the lossy dielectrics could also provide a 

hysteresis loop for a dielectric material in the procedure of electrical hysteresis 

measurements. However, these kinds of the hysteresis loops are accompanied with 

higher leakage currents since the dielectric loss is proportional to conductivity.56 In our 

ferroelectric hysteresis loop measurements for PEPC single crystal, extremely low 

leakage currents (about 10-8 A cm-2) were obtained (Fig. 4.11). These results 

demonstrate the observed hysteresis loops in P-E measurements of PEPC single crystal 

are due to its ferroelectricity. 
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Figure 4.11 Leakage current vs. electric field for PEPC single crystal. Inset: Current 

response as a function of electric field, measured by Conducting-AFM. Inset: current 

peaks in the curves. 

The P-E hysteresis loop indicates that a remnant polarization, Pr, as large as about 

0.85 μC cm−2 and a coercive field, Ec, of about 1.5 kV/cm can be obtained after applying 

an electric field of 3.5 kV/cm. As shown in Figure 4.12b, by increasing of electric field, 

we can increase the remnant polarization (from 0.85-1.2 μC cm−2) and coercive field 

(from 1.5-1.8 kV/cm) which is consistent with the estimated value from the PFM phase 

hysteresis loop of PEPC single crystal.   

 

Figure 4.12 Evidences for phase transitions for the PEPC single crystal. (a) Electric 

polarization (P) versus electric field (E) hysteresis. (b) Changes of Remnant polarization 

(Pr) and Coercive field (EC) with applied electric fields. (c) Heating and cooling DSC 
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curves. (d) Temperature dependences of the real part of dielectric constant ɛr measured 

at 10 kHz, 100 kHz and 1 MHz, respectively. 

4.9 Differential Scan Calorimetry Measurement and Thermal and Moisture 

Stability 

The heating and cooling DSC curves (Fig. 4.12c) show peaks at 153°C and 

147.1°C, respectively, which correspond to the phase transition of the PEPC single 

crystal from ferroelectric (low temperature) to paraelectric (high temperature). The 

Curie temperature Tc = 150 °C can be calculated from the DSC results. The dielectric 

constant as a function of the temperature in the frequencies of 10 kHz, 100 kHz and 1 

MHz is presented in Figure 4.12d, respectively. As expected, the dielectric constant 

undergoes a jump with a maximum dielectric constant value at temperature of around 

150 °C which reveals a ferroelectric transition, consistent with that in the differential 

scan calorimetry (DSC) results. 

 

Figure 4.13 TGA and DSC curves of the PEPC single crystal. In set: the TGA from 10oC 

-700oC.  
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Figure 4.13 shows TGA and DSC curves of the PEPC single crystal. The 

decomposition profile proceeds with two steps. The first weight loss, which starts from 

about 190oC, indicating a major loss of Cl and organic compounds such as HCl and PEA. 

The DSC peak at 262oC indicating to this decomposition. At higher temperatures, the 

weight loss is possibly associated with the combustion of PbCl2. The DSC peak located 

at 153oC corresponding to the phase transition of the PEPC, and the DSC peak at 327oC 

can be the melting peak of Pb.  

 

 

Figure 4.14 XRD patterns of as-grown single crystal (black line) and after 250 h in 

ambient condition (red line), reveal the stability of PEPC single crystal resulting from no 

new peaks can be detected in XRD pattern. 

The stability of PEPC single crystals have been also investigated. Figure 4.14 

reveals the stability of PEPC single crystal resulting from no new peaks can be detected 

in XRD pattern after 250 h.  
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4.10 Summary 

In summary, we have reported a facile solution method to grow the stable PEPC 

perovskite single crystal. The ferroelectrics of the single crystal were confirmed by PFM, 

box-in-box local switching testing, and ferroelectric testing. The PEPC crystal can 

generate a remnant polarization of about 0.85 μC cm−2, a coercive field of about 1.5 

kV/cm and an effective piezoelectric coefficient of 90 pm V-1. Our results provide a new 

way to functionalize a new piezoelectric/ferroelectrics and photovoltaics based on 2D 

layered hybrid perovskite single crystals. 
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Chapter 5 

Synthesis of Single Crystals of Two-dimensional Layered Hybrid 

Perovskite (C6H5C2H4NH3)2CuCl4 Single Crystals and Mechanical 

Applications. 

Beside the instability of lead halide perovskites which limit the ability 

of the materials to commercial applications, the heavy metal is also an 

environmental consideration. The success of achieving the 2D layered lead 

halide perovskite single crystals has enabled the field to grow new 2D lead-

free hybrid materials.  The stability issue of halide perovskites and the 

environmental concern about heavy metal compositions have been solved 

by using the 2D lead-free crystals.  This chapter focuses on the synthesis of 

layered lead-free (C6H5C2H4NH3)2CuCl4 single crystals using 

supersaturation crystallization method. Their electronic properties have 

been characterized. 
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5.1 Introduction 

The hybrid organic-inorganic metal trihalide perovskites has attracted numerous 

studies because these materials possess possibilities for tailoring functionalities and 

physical properties. Recently, due to the easy in growth process and the stability issue 

single crystals of 2D layered (C6H5-C2H4-NH3)2MCl4 (M = metals) has been a hot topic. 

We have succeeded in synthesis the PEPC reporting in the former chapter with lots of 

interesting properties. However, the environmental issue has not solved which limit the 

ability of PEPC to broad applications. In this chapter, toward the processing of a safe 

and multifunctional material, the lead-free (C6H5-C2H4-NH3)2CuCl4 (PECC) single 

crystals are synthesized.  

In previous reports, PECC single crystals were grown by spin coating and slow 

evaporation techniques which could only provide small crystals.1,2 Herein, we introduce 

a PECC growth process using supersaturation method and DI water solvent at low 

temperature. The structure, morphology, topography, phase transition and device 

application of the as-prepared single crystals are also introduced. 

5.2 Single Crystal Growth Process for PECC 

The PECC precursor solution are prepared by mixing a stoichiometric amount of 

CuCl2 and 2-Phenylethylamine hydrochloride in deionized (DI) water. Then, the 

solution is heated to 70oC under stirring for 30 mins. After that, the temperature is 

reduced slowly to the room temperature. Some small dark yellow single crystals form 

in the solution and increase their side when the temperature low down (Fig. 5.1a).  
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Figure 5.1 Crystal growth process. (a) PECC plate-like crystals grown in a vial using DI 

water as solvent, (b) Photographs of a brown PECC crystals after 3 h of growth, (c) The 

surface morphology of the as-prepared single crystal with the side-view (d) and top-view 

(e). 

The process is repeated by taking some small seeds and put in to the new precursor 

solution. The seeds become bigger with a rectangle crystal of 4 × 4 mm in size after 3h 

growing which exhibits a facile growth rate (Fig. 5.1b). All steps of the crystallization 

process are employed under normal humidity of the lab and using DI water as the solvent. 

Therefore, the as-prepared single crystals possess long moisture stability. The crystal 

can be stored outside the glove box for months without any degradation. 

Scanning electron microscopy (SEM) images of one small crystal (Fig 5.1c, d, e) 

show that the surface of as-prepared PECC single crystal is not smooth. Rectangle holes 

on the crystal surface are clearly seen. The forming of these hole can be explained by 

the layer-by-layer growth mode of the 2D layered perovskite crystal. The rectangle 

shape of the holes is relative to the crystalline structure of the perovskite material. 
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Particularly, the layered structure of the as-prepared crystal is obviously observed in the 

SEM side-view image (Fig. 5.1d). This characteristic should be used to make the micro 

layered devices based on the perovskite by peeling off its layers from a big crystal. 

5.3 Structure Characterization 

Recently, the crystal structure of (C6H5C2H4NH3)2CuCl4 has been reported by 

Said et al.1 Sketch of the PECC perovskite atomic structure shows in Figure 5.2b. 

According to the report, the PECC single crystal belongs to the Orthorhombic system, 

C2cb (no 64) with unit cell parameter a = 39.021(8) Å, b = 7.343 0(15) Å, c = 7.393 

9(15) Å.  

The XRD patterns of the single crystal, powder and pellet PECC are shown in 

Figure 5.2a. The pellets, which make from the grilled single crystal, is polycrystal 

resulting to the similar XRD patterns of powder (red) and pellet (black). Therefore, the 

polarization (if any) of the PECC pellet will oriented randomly. 

 

Figure 5.2 Structural properties of PECC single crystals. (a) XRD patterns recorded on 

the crystal surface (blue) and powder (red) and the pellet sample (black), (b) Sketch of 

the PECC perovskite atomic structure of one unit-cell (adopted from 1). 

The XRD pattern of the PECC single crystal shows the sharp peaks which 

demonstrates the high crystal quality of the as-prepared crystal (blue pattern in Fig. 5.2a). 

In comparison, the position of these peaks shows the agreement with the previous 

reports (see Fig. A1 in the Appendix). 1,3-5 
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5.4 AFM Topography of the Crystal Surface 

An Atomic Force Microscope (AFM MFP-3D, Asylum Research) is used to 

characterize the topography of as-grown PECC single crystals. The samples for 

experiment are peeled off from the big single crystal using the sticky tape. The step 

like AFM image is shown in Figure 5.3a.  

 

Figure 5.3 AFM topographic images of the PECC crystal (a) surface top view, (b) cross 

sectional profile along the redline in (a), and (c) 3D view. 

As shown in Table 5.1, the layered structure of PECC single crystal have the 

surface roughness (RMS) of about 1.5 nm, and the thickness of each layer of about 5 

nm estimating from the cross-sectional data (Fig. 5.3b).  The 3D view image of the 

peeled sample in Figure 5.3c clearly represents to its layer structure. 

Table 5.1: Roughness Data of the as-grown PECC single crystal from Fig. 5.3a. 

Parameter Full Image Values: 

----------------------------- -------------------- 

Standard Deviation, nm: 1.507 

Max, nm 4.239 

Min, nm -5.465 

RMS, nm 1.507 

Average Deviation, nm 1.172 

Skew: -0.28 
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5.5 Piezoelectric Force Microscopy Characterizations and Phase Transition 

Behaviours 

Similar to the PEPC crystal characterization, Piezoelectric Force Microscopy 

(PFM) measurement with a maximum bias voltage of ±10 V was employed to 

investigate the piezoelectric properties at room temperature of the PEPC crystals. The 

measured samples are also peeled off from a big single crystal to thin layered flake to 

guarantee the applied electric field through the samples. 

Figure 5.4a shows the topography of a flake sample, and the corresponding 

amplitude and phase images. We can observe the different domain of the flake sample, 

clearly in the amplitude image.  

 

Figure 5.4. Characterizations of PEACuCl4 single crystal: (a) Topography of the crystal 

flake, and its corresponding (b) amplitude and (c) phase images, (d) Amplitude and Phase 

signals, (e) piezoelectric coefficient d33, (f) Polarization-Electric Field curves. 

Phase and amplitude signals in Figure 5.4 d, e exhibit a 180o reproducible 

hysteresis loop in phase, and a butterfly like in amplitude curves which indicates that 

the change from downward to upward in polarization under the positive and negative 

applying of electric fields. 

The piezoelectric coefficient d33 is also calculated from the former results and the 

equation 4.1. It indicates that a maximum value of piezoelectric coefficient of 270 V-1 
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can be obtained. This result is a remarkable high value comparing to BaTiO3, 

PbZr0.2Ti0.8O3, PbTiO3, PVDF/GO nanofibers and as-prepared PEPC in the former 

chapter as well. 6 7 8 9 10 

The ferroelectric hysteresis loops of PECC single crystals with different apply 

voltages at frequency of 200 Hz and room temperature are shown in Figure 5.4d. The 

results demonstrate the ferroelectric behaviour of the as-prepared single crystals. 

5.6 Box-in-box Switching Testing 

Figure 5.5 shows the domain structural images of the PECC thin film sample. 

Like PEPC samples, the polycrystal thin film domains of PECC are smaller than that 

in single crystal. A large amount of red domain areas in Figure 5.5c indicates that the 

positive polarizations are dominant in the thin film sample.  

 

Figure 5.5 PFM images of a PECC thin film . (a) Topography of the as-prepared thin 

film. (b) Phase and amplitude curve employed on the as-prepared thin film. 

Even though an 180o change in hysteresis loop in thin film and flake samples of 

PECC does not guarantee the switchable ability of polarization under the electric field 

applications. Thus, the local switching test is employed to confirm.  
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Figure 5.6 Box-in-box switching measurement of the PECC thin film. 

A box-in-box switching test of the PECC thin film for an area of 10 × 10 μm2 

using ±8V applied bias via a Pt coated tip is presenting in Figure 5.6. A brighter square 

in the center of amplitude image corresponding to a darker area of phase image indicates 

the upward polarization orientation. Meanwhile, the downward polarization orientation 

is represented by a bigger square which can be observed through the contrast color 

between the square and the as-prepared thin film amplitude and phase signals (Fig. 5.6b, 

c). 

 

Figure 5.7 The Box-in-box area after 300 hours 
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Interestingly, after 300 hours of poling, the box-in-box amplitude and phase 

patterns are remained as shown in Figure 5.7. As the samples are stored outside 

glovebox under normal humidity condition at room temperature, it indicates the 

moisture stability of the PECC material. 

5.7 Differential Scan Calorimetry Measurement (DSC) and Thermal and 

Moisture Stability 

 

Figure 5.8 (a) DSC curves,  and (b) TGA curve of the PECC single crystals. 

The DSC and TGA curves of the PEPC single crystal are represented in Figure 

5.8. The TGA data demonstrated that the as-prepared PECC perovskite single crystals 

are stable up to 200oC resulting in no change in TGA curve under the former temperature. 

Therefore, the two peaks in the DSC image (Gif. 5.8) attribute to two phases changing 

of the material. The two-phase changing temperature is 65oC and 136.6oC 

The decomposition profile of the PECC single starts from the first weigh loss at 

about 200oC, indicating a major loss of Cl and organic compounds such as HCl and PEA. 

At higher temperatures, the weight loss is possibly associated with the combustion of 

CuCl2.  

5.8 PECC Piezoelectric Device 

To investigate the ability of the as-prepared PECC single crystals in electronic 

application, we make a device from the PECC pellet which has an XRD pattern as shown 
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in Figure 5.2a. The as-prepared PECC single crystals are collected of the growth process, 

then grilled and made to a pellet (Fig. 5.9a Inset). The SEM morphology image shows 

the compact structure of the PECC pellet.  

To apply the pellet to piezoelectric, we need to do the poling process which help 

to rearrange the domain orientation in the pellet. Figure 5.9b illustrated the Corona 

Poling Process.11 Corona Poling Process is a partial breakdown method of air, at 

atmospheric pressure, and is initiated by a discharge in an inhomogeneous high electric 

field, then helps to pole the polarization orientation of the sample (see Figure 5.9b).The 

pellet with a Cu bottom electrode is placed between a hot plate and needles, then to be 

applied with high voltage. In the first step of the Poling process, the temperature is 

increased above the curie temperature of the material to thermal erase the polarization 

in the polycrystal pellet. Then the high voltage is applied which help to polarize the 

pellet to one dominant direction (Fig. 5.9c). 

 

Figure 5.9 (a) Morphology of a PECC pellet. Inset is the photograph of the pellet. (b) 

Illustration of the Corona Poling Process and the device structure. (c) Illustration of the 

domain orientations before and after the poling process. (d) the Output voltage signal of 

a PECC device. 
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A Piezo Element with the structure is shown in Figure 5.9b is using for Vibration 

Controlled Test. Interestingly, a 50 mV output generated from the test demonstrates that 

the PECC device enable to be the potential material for piezoelectric (Fig. 5.9d). 

5.9 Summary 

In summary, we have introduced about the growth process of 

(C6H5C2H4NH3)2CuCl4 single crystals using DI water as the solvent. The XRD data and 

SEM image demonstrate the high crystal quality of the as-prepared single crystal and 

their layered structure. The DSC and TGA data indicate the thermal stability of about 

200oC and their phase transition behaviour of the crystals. The PFM results and box-in-

box switching test show the domain structure in the crystal and thin film, and the ability 

to change the polarization orientation of the thin film sample. Particularly, a piezo device 

based on the crystal could generate a 0.05 V output. These results have promised new 

opportunities to employ the lead-free (C6H5C2H4NH3)2CuCl4 single crystals in 

piezoelectric.  
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Chapter 6 

Synthesis of Single crystals of 3D Methylammonium Lead Halide 

Perovskite CH3NH3PbI3  

The organic lead trihalide perovskites (CH3NH3PbX3, X=Cl, Br, I) 

thin films have demonstrated their attractions through  the numerous 

perovskite studies in electronic and photonic applications.1-4 Perovskite 

materials have been intensively employed not only in solar cells,5-14 but also 

in photodetectors.15-17 light-emitting diodes,18,19 and lasing,20,21 However, 

the major drawback of perovskite thin films is the moisture instability which 

limited them for being launched to the commercial market. In that critical 

situation, the single crystal has promised to enable the perovskite solar 

cells to break through their limitations. More and more reports have shown 

that the perovskite single crystal helped to suppress the charge 

recombination and prevent the bulk defect density, leading to higher PCE 

and longer stability.22-25 Unlike traditional PSCs based on  spin coating or 

dip coating polycrystal thin films, the single crystal one has been difficult 

to handle due to the lack of the sufficient growth crystallization methods. 

This chapter shows the result for large centimeter scaled CH3NH3PbI3 

perovskite single crystals growing by solution crystallization method and 

their crystalline, optoelectronic properties.
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6.1 Introduction 

The idea to grow the large lead halide perovskite single crystals has engaged from 

the inverse temperature behaviour of precursor solutions of materials. The solubility of 

lead halide perovskite decreases with the temperature increase. Since the report of  

CH3NH3PbI3 single crystal synthesis in 1987, which was grown from a  HI acid 

solutions with Pb2+ and CH3NH3
+ ions in a proportional ratio,26 more and more studies 

about CH3NH3PbI3 perovskite single crystals have been reported based on the inverse 

temperature method.27,28 29,30 The extremely low trap density of the single crystal 

perovskites were measured  of 109−1010 cm-3, resulting in a long diffusion lengths (>175 

μm) as well as a high carrier mobility (164 ± 25 cm2 V-1 s-1). These results have enabled 

the ability to synthesize high-performance single crystalline PSCs in large or wafer 

scales. 

However, the limitation of the above crystallization methods was the time 

consumption which prevent them to fulfil the large-scale production standard. Recently, 

the solubility of CH3NH3PbI3 have been observed to substantially reduce at elevated 

temperatures in certain organic solvents.31,32 In the report, by using γ-butyrolactone 

(GBL) as the solvent to dissolve CH3NH3I and PbI2 with the solution temperature up to 

110°C, the authors have succeed in growing the crystals in large scales. Herein, a prompt 

method to grow high-quality centimetric CH3NH3PbI3 single crystals under a lower 

temperature (70°C) using a novel solvent engineering approach have been introduced. 

The characterizations of the single crystal are also reported. 

6.2 CH3NH3PbI3 Crystal Growth Process 

First, the six vials containing 1 mL of GBL solution were filled with CH3NH3I 

and PbI2 in 1.23 M concentration. Then, different amount of acetonitrile (ACN) are 

added into the six successive vials respectively with 0; 0.2; 0.4; 0.6; 0.8; and 1.0 mL. 

After 1h of stirring at the room temperature (25°C), the solution in the first vial that 

using pure GBL remains cloudy, indicating the limitation in solubility in pure GBL. 
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Interestingly, although ACN is an anti-solvent for CH3NH3PbI3,
33 the GBL/ACN 

mixture solvent exhibit to be a good solvent for the perovskite and all precursor solutions 

are clear. After that, the solutions are heated to 70°C for 30 minutes. Interestingly, the 

small black CH3NH3PbI3 crystals appear inside the vials with ACN in GBL volumes 

equal or higher than 0.6 mL (Fig. 6.1b), and more crystals are obtained in the vials with 

higher ratios of ACN : GBL in solutions. 

 

Figure 6.1 Photographs of precursor CH3NH3PbI3 solutions with different ratio of ACN 

: GBL solvents at (a) room temperature and (b) after heating at 70°C. 

 

In the second step, some small seed CH3NH3PbI3 crystals are taken out from a 

vial and put into a new vial containing a fresh precursor solution at room temperature 

with similar solvent ratio as the former step (Fig. 6.2). The precursor solution is heated 

up to 70°C, allowing the further growth of the seeds (Fig. 6.2b). The prepared crystals 

by this novel solvent method have a same growth rate to the reported methods while 

synthesized at lower temperature, 70°C comparing to 110°C in reported ones.31,32  The 

growth process was repeated at different temperatures and ratios. The ability of 

centimeter scaled growth of the novel solvent method has been demonstrated, resulting 

in the diameter of crystal of close to 1 cm after only 6 hours to even 1.7 cm after 3 

days (Fig. 6.2b, c).  
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Figure 6.2 a) Schematics of the two-step solvent engineering process for the growth of 

large CH3NH3PbI3 single crystals. b) Photographs of crystals obtained after various 

growth times (20 min to 6 h). c) Front (left) and side (right) views of a crystal obtained 

after 3 days (diameter=1.7 cm). 

6.3 Solubility Test 

In order to investigate the soluble ability in mixed solvents of as-prepared 

perovskite CH3NH3PbI3 crystals, a solubility test has been employed. The powder for 

the solubility test was obtained by grinding the prepared crystals. The 200 µl vials of 

GBL/ACN solvent were heated under stirring while the perovskite powder was added 

with a small amount of 0.01 g by 0.01 g. Saturation condition was obtained when the 

perovskite powder did not dissolve completely after 30 mins in the solvent.  
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Figure 6.3 The temperature-dependent solubility of CH3NH3PbI3 in GBL/ACN solvent 

with different ratios (v/v). The error bar is ± 0.05 g. 

We note that the solubility of CH3NH3I and PbI2 precursors in GBL/ACN 

solvent mixtures is more sensitive to temperature than in pure GBL (see figure 6.3). 

6.4 Structure Characterizations 

Figure 6.4a shows powder XRD patterns of the CH3NH3PbI3 crystal powder 

grinding from the large as-prepared crystals. The positions of major peaks are at 

2θ=14.1°, 28.4° and 40.4° (Fig. 6.4a, black pattern) indicate a tetragonal structure of as-

prepared CH3NH3PbI3 single crystals. Additionally, the sharp peaks of dominant (121) 

and (022) planes at 2θ=23.5° and 24.5°, respectively, further reveal its tetragonal phase 

and its high crystalline quality as well. For comparison, the standard pattern data of a 

CH3NH3PbI3 material with pure tetragonal phase are also calculated (Fig. 6.4a, red 

pattern), showing the phase matching with standard data of as-prepared single crystals. 

Figure 6.4b shows the simulated tetragonal structure of the CH3NH3PbI3 crystal. 
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The high-resolution XRD was also employed to characterize the structure of 

CH3NH3PbI3 single crystals. The only peaks of (112), (020), (224), (040), (336) and 

(060) planes at 2θ = 19.89°, 19.99°,40.43°, 40.63°, 62.44° and 62.76°, respectively, 

showing in the blue pattern in Fig. 6.4., confirm that the single-crystalline nature of as-

prepared CH3NH3PbI3 crystals. 

 

Figure 6.4 (a) XRD patterns collected on as-prepared single crystals (blue) and 

CH3NH3PbI3 powder (black). The red pattern is the calculated data for the perovskite 

powder. (b) CH3NH3PbI3 crystal structure. 

For more phase confirmation, pole figures were taken from the CH3NH3PbI3 

crystal facets. The figures show an expected pattern for the 34 front facet, indicating that 

the <010> plane is parallel to the sample surface and also reveal its natural facets 34 and 

35 by using the Euler angles calculation. (Fig. 6.5). 
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Figure 6.5 Natural facet pole figures of the as-prepared CH3NH3PbI3 single crystal. Top: 

expected pattern for the 34 front facet. Bottom: corresponding experimental patterns. 

6.5 SEM Morphology of Crystals 

Figure 6.6 shows SEM images of an as-prepared CH3NH3PbI3 single crystal. Due 

to the imbalance in growth rate between the lower part and upper part, which is in 

contact with the precursor solution, the perfect crystal with its shape as shown in Figure 

6.7b are not easy to obtain.  Instead of that, the non-perfect tetragonal crystals are 

formed. The outline of the crystal is indicated in Figure 6.7a. From the SEM surface 

images of the as-prepared crystal, we can observe the surface of as-prepared crystals 

with the smooth areas, followed with island-like and terrace-like ones.  
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Figure 6.6 (a) Photography and(b-d) SEM images  of a non-perfect tetragonal 

CH3NH3PbI3 single crystal. (c and d) SEM images in show magnified view of one side 

faces indicated in (b).  

The tetragonal terraces indicates a layer-by-layer growth mode of the as-prepared 

perovskite crystals. During the simultaneous nucleation and process, the nucleation 

clusters become larger and form the tetragonal islands on the crystal surface which may 

evolve into truncated tetragonal bipyramids with a dominant (100) plane. 
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Figure 6.7 (a) Photograph of a non-perfect tetragonal crystal due to imbalanced growth 

rates between the upper part and lower part of the crystal. The outline of the crystal is 

indicated. (b) Schematics of a perfect tetragonal crystal. The upper part of the crystal in 

contact with solution. 

6.6 Thermal Stability Test 

The instability has been a major issue that limits the perovskite thin films in 

applications. The perovskite thin films were demonstrated to decompose at the 

temperature as low as 150°C.22,32 For the as-prepared single crystal one, the thermal 

stability is characterized using thermogravimetric analysis (TGA) method. The 

characterization is working under nitrogen flow from room temperature up to 600°C 

(Fig. 6.8). The TGA results of as-prepared perovskite crystals shows no signature of 

mass loss with the temperature under 240°C, indicating their higher thermal stability 

comparing to the thin film counterpart. Over 240°C, the crystals undertake a 20% mass 

loss of HI, following by a 6% mass loss of the CH3NH2 component at 337°C, indicating 

a stronger binding of the amine group in the perovskite compound than HI. At around 

385°C and beyond, the inorganic precursor PbI2 is gradually sublimed. 
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Figure 6.8 Thermal gravimetric analysis (TGA) of the CH3NH3PbI3 single crystals. 

6.7 Photonic Properties 

Last, but not least, the photonic properties of large CH3NH3PbI3 crystals were 

investigated.  The steady-state PL of the crystals in Figure 6.9 shows a red shift in PL 

position of the as-prepared crystals comparing to the thin film counterpart (783 nm for 

single crystal and 775 nm for thin film). The result should refer to a weaker lattice strain 

in single crystal than thin film one.30 Additionally, at the respective measured PL peak 

wavelengths, their time-dependent PL signals were also evaluated.  

Figure 6.9b represents their respective biexponential fitting carrier dynamics. On 

the one hand, the single crystal performs a slower (τ=57.0±0.7 ns) and a fast lifetime 

(τ=4.9±0.1 ns). The slow lifetime is considered the carrier recombination lifetime from 

beneath the surface (in the bulk), while the fast one is ascribed to that on the surface.30 

On the other hand, the thin film only exhibited a fast decay (τ=5.1±0.1 ns).  

In comparison with the surface as well as polycrystalline thin film, the longer 

recombination lifetime in bulk CH3NH3PbI3 crystal can attribute to the reduce in trap 

density, characteristic of bulk properties of the materials.29,30 The impurities and surface 

defects in crystal front face and a thin film counterpart have a fiercely impact on their 

recombination lifetime resulting to a faster lifetime of approximately 5 ns.  

 

Figure 6.9 (a) Steady-state and (b) time-resolved PL spectra of CH3NH3PbI3 single 

crystals and thin films counterpart. Black lines correspond calculated fits. 
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6.8 Summary 

In summary, we have introduced a facile, novel method in synthesize the 

centimetric CH3NH3PbI3 perovskite single crystals at low temperature (70°C) using 

mixtures solvent of ACN/GBL. The SEM and XRD results demonstrate the high quality 

of the tetragonal structure CH3NH3PbI3 crystals with a better thermal stability 

comparing to the thin films, resulting from the TGA data. The time-dependent PL 

signals reveal the slow carrier dynamic, which confirming the lifetime of carriers 

propagating deeper in the crystal. Our work should provide new approaches to employ 

the centimetric CH3NH3PbI3 single crystals for both scientific study and technological 

applications in PV solar cells. 
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Chapter 7 

Synthesis of Perovskite CH3NH3PbBr3 and CH3NH3PbCl3 Single Crystals 

and Current Response Mechanisms 

 

The photovoltaic performance of hybrid lead halide perovskite solar cells has been 

advancing recently by using the MAPbX3 (where MA stands for methylammonium cations, 

X = I, Br, Cl). Obviously, the improvement of efficiency and stability is also a major issue. 

One of the approaches is using single crystals instead of thin films. This paper represents 

a study on preparing the MAPbBr3 and MAPbCl3 perovskite crystals using electric oven 

inverse temperature reactive crystallization (ITC) process at 70oC. The XRD patterns 

reveal their high crystalline quality. The surface topography shows the appearance of cubic 

holes consistent with the cubic structure of both crystals. The conductivity behaviours of 

MAPbBr3 and MAPbCl3 perovskite crystals were also investigated. The mechanism of 

current response demonstrated that the conductivity behaviour of MAPbBr3 crystals follow 

the typical Schottky contact feature. Interestingly, the tunnelling effect in the conductivity 

behaviour was observed in MAPbCl3 crystals.  
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7.2 Introduction 

Lead halide perovskites have recently emerged as the most promising next generation 

photovoltaic materials with high efficiencies which achieved up to 20% of perovskite solar 

cells (PSCs).1,2 Some advances such as large absorption coefficient, high carrier mobility, 

and long-range balanced carrier transport length make perovskites to be used in not only 

photovoltaics but also in laser,3-5 photosynthesis,6-8 and photo-detection9-11 applications.  

The structure of lead halide perovskites is AMX3 formula which combines two cubic 

geometries with 8 organic cations A located at 8 vertexes of an M-centered cube (M = Pb). 

Cation Pb2+ is also the center of an octahedron forming by six anions X which located at 

the centers of six faces of the Pb-centered cube.12,13 

Most recently, large scale single crystal hybrid halide perovskite has been widely 

studied. The single crystals overcome the major problem known as grain boundaries in 

polycrystalline films. It is believed that the minimal single crystal grains can elongate the 

diffusion length resulted from greater carrier mobility and smaller trap density in the single 

crystal than polycrystalline thin films.14 

In the work of the Shi group, MAPbBr3 single crystals achieved low trap state 

densities on the order of 109 to 1010 per cm3 and charge carrier diffusion length exceed of 

10 µm, ten time larger than polycrystalline films.15 For single crystal MAPbI3, Dong and 

co-workers reported that the diffusion length obtained 175 µm under 1 sun illumination and 

3 mm under 0.003% sun illumination.14 

The electron conductivity behaviour of MAPbX3 single crystals were investigated in 

several publications.10,16,17 However, the mechanism behind the behaviour has not been 

mentioned clearly. In this work, we conduct the electron conductivity of MAPbBr3 and 

MAPbCl3 perovskite single crystals by conducting AFM. Moreover, the mechanism based 

on Schottky contact feature of conductivity behaviour are introduced.  
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7.3 Single Crystal Growth Process 

Recently, anti-solvent vapor –assisted crystallization (AVC) method has been used 

for the growth of perovskite crystal. In AVC method, an appropriate anti-solvent is slowly 

diffused into a solution containing the crystal precursors, leads to the growth of crystal. 9 In 

addition, based on the fact that perovskites exhibit inverse temperature solubility behaviour 

in certain solvents.18 The inverse temperature crystallization (ITC) has been also used. The 

ITC method overcomes the time-consuming conventional crystallization methods such as 

the typical cooling or anti-solvent vapor-assisted crystallization techniques.14,17 So far, the 

temperature of the oil bath in the ITC method was 80oC for MAPbBr3 and MAPbCl3. Herein, 

we followed the ITC method but used electric oven at 70oC instead of the oil bath and the 

hot plate. Using electric oven ITC method can provide an evenly temperature to the solvent 

and can used to make large amount of crystals.  

The choice of a suitable solvent is also a crucial factor that determines the crystal 

growth process and its quality. For lead trihalide perovskite, the most commonly used 

solvents are ɣ-butyrolactone (GBL), N,N-dimethylformamide (DMF), and 

dimethylsulphoxide (DMSO).19 For MAPbBr3 crystal, the widely used solvent was DCM. 

These organic compounds can minimize the interactions between the ions during the growth 

crystal process due to their poor solubility for both MAX and PbX2 as well as poor hydrogen 

bond-forming ability. Unlike MAPbBr3, GBL was considered as most suitable solvent for 

the MAPBI3 growth. ITC method of MAPbI3 was only possible in GBL solution. For 

MAPbCl3 crystal, due to the low solubility of PbCl2, DMSO was used as solvent. However, 

no precipitates were observed in this case. Therefore, using mixing solvent of DMSO: DMF 

was a good choice.  

We conducted a facile solution-processed method to prepare MAPbBr3 and MAPbCl3 

crystals using electric oven. As shown in Fig 7.1a, one molar solution containing PbBr2 and 

MABr was prepared in DMF and two molar solution containing PbCl2 and MACl was 

prepared in DMSO: DMF (3:1 v/v). All solutions were prepared at room temperature under 



 

87 

 

stirring. After that, solutions were filtered using PTFE filter with 0.2 µm pore size and 

replaced in vials. The vials were kept in an electric oven at 70oC under ambient condition 

and humidity of around 50%. The small crystals were obtained after 30 min. In order to 

make bigger crystals, a small crystal was carefully taken out from the vial and put into the 

new vial with new solution. The crystals used for measurement were grown for 1.5 h. Fig 

7.1b and c shows the MAPbBr3 and MAPbCl3 crystal growth at different time intervals. 

After 10 mins in the electric oven at 70oC, we can obtain small crystals of MAPbBr3 (Fig 

7.1b) and MAPbCl3 (Fig 7.1c). The size of MAPbBr3 crystal became 5×5 mm and 4.5×4.5 

mm with MAPbCl3 crystal after 1.5 h as shown in Fig 7.1d. 
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Figure 7.1 Crystal Growth process. (a) Schematic illustration of the crystal growth in a 

electric oven at temperature of 70oC under ambient condition and humidity of around 50%. 

(b, c) MAPbBr3 and MAPbCl3 crystal growth at different time intervals. (d) MAPbBr3 

(orange) and MAPbCl3 (transparent and colorless) crystals after 1.5 h.  

7.4 Structure Characterizations 

Fig 7.2a shows the XRD patterns of the surface of the as-prepared MAPbBr3 and MAPbCl3 

crystals. For the MAPbBr3 crystal, the specific peaks located at 2θ = 15.2 o, 30.4 o, 46.4 o, 

62.8 o. For the MAPbCl3, 2θ = 15.7 o, 31.7 o, 48.1 o, 65.7 o. The XRD data demonstrate pure 

perovskite phase for both MAPbBr3 and MAPbCl3 with cubic structure and dominant (100) 

plane. The peaks of MAPbBr3 and MAPbCl3 correspond to the (100), (200), (300), and (400) 

of plane crystal directions which confirm that the high crystalline quality.
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Figure 7.2: (a) XRD patterns of as-prepared MAPbBr3 and MAPbCl3 surface crystals, (b) 

Their Powder XRD patterns, and (c) their crystal structures.  

The Bragg's law describes the condition on the scattering angle, θ, for the constructive 

interference to be at its strongest: λ = 2ndsinθ, where n is a positive integer and λ is 

the wavelength of incident wave. According to the Bragg’s law, the (100), (200), (300), and 

(400) peaks in the XRD pattern correspond to n = 1, 2, 3 of the crystalline lattice planes 

(100).  

Powder XRD pattern (PXRD) of the ground crystals confirmed pure single-phase of 

cubic MAPbBr3 and MAPbCl3 perovskite (Figure 7.2b), showing consistency with the 

previously reported PXRD data of the same single crystals obtained through the different 

crystallization methods.17,18,20,21 

7.5 Optical Properties 

The Fig 7.3 shows the optical properties of the large MAPbBr3 and MAPbCl3 crystals 

collected by absorbance and the photoluminescence (PL) spectroscopy. As shown in Fig 

7.3a, the single-crystalline perovskite possesses optical absorption with the edge to ~570 

nm with MAPbBr3 and ~440 nm with MAPbBr3. 
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Figure 7.3 Optical spectra. (a) Steady-state absorbance and photoluminescence of MAPbBr3 

and MAPbCl3 crystals. (b) Absorbance versus photon energy and the determined band gap 

Eg. 

There is an obvious “cut-off” features in the two absorption spectrums, indicating that 

MAPbBr3 and MAPbCl3 are direct band gap semiconductors. From the absorbance versus 

photon energy, we can determine band gaps Eg = 2.14 eV for MAPbBr3 and Eg = 2.86 eV 

for MAPbCl3. As the absorption of the single crystalline MAPbBr3 perovskite is across to 

the orange range spectrum, its colour is orange, as shown in Fig 7.1d. Similarly, the 

absorption of the single MAPbCl3 crystal is across to the UV range spectrum, it is 

transparent and colourless. The photoluminescence peak of the MAPbBr3 perovskite crystal 

is measured at 541 nm with MAPbBr3 and at 410 with MAPbCl3, near the band edge, 

indicating the appearance of trap in the crystals. 

7.6 Surface Topographic Properties 

The topographies of MAPbBr3 and MAPbCl3 crystals are also investigated. AFM 

images in Fig 7.4 shows the cubic holes on the both crystal surfaces corresponding to the 

cubic structure of these crystals. Crystals are growing layer by layer from the cubic areas 

corresponding to the cubic structure of the crystals in structural characterization.  



 

91 

 

 

Figure 7.4 Surface topography and height profile of (a) MAPbBr3 crystal, and (b) MAPbCl3 

crystal. 

The cubic forming of crystals on surface can be explained by the growth process. The 

process of crystal growth includes two major steps, first step is nucleation and second step 

are crystal growth. In the nucleation step, the solute molecules start to gather into small 

cluster which acts as the initial for the next step. In the crystal growth step, the growth of 

the nuclei clusters is subsequent to achieve a critical cubic cluster size. Nucleation and 

growth continue to occur simultaneously resulting the cubic hole forming on the surface of 

the both MAPbBr3 and MAPbCl3 crystals.  

7.7 Conductivity Behaviours 
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Figure 7.5 The average 10 I-V curves of (a) MAPbBr3, and (b) MAPbCl3 single crystals, 

and the average 3 I-V hysteresis response of (c) MAPbCl3 single crystal, and (d) 

MAPbBr3 single crystal. All I-V curves collected under dark condition 

The current-voltage response of MAPbBr3 crystal is shown in Figure 7.5a. The 

characteristic curves of MAPbBr3 follows the typical Schottky contact feature. The current 

response at reverse bias tends to saturate at low values indicating its voltage-independence. 

The current-voltage response exhibits exponential behaviour with the positive applied 

voltage increase. At the positive bias of +2V, the current value was 0.14 nA. That result 

shows the agreement with the results of the Zhao group.16 For the MAPbCl3 crystal, the 

current-voltage response in Fig 7.5b also follows the Schottky behaviours at the positive 

bias voltage. However, the difference is observed at the negative bias voltage. The current 

increase with the increase of the negative bias value. At V = –2V, the current value was – 

2.14 nA. 
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7.8 Discussion 

The current flowing in the reverse bias Schottky junction is given by:  

𝐼 = 𝑆𝐴∗∗𝑇2𝑒𝑥𝑝 (−
𝑞𝜙𝑏𝑜

𝑘𝑇
) exp(

𝑞𝜙𝑏𝑖

𝑘𝑇
) 

where A** is the effective Richardson constant, S is the area of the Schottky Barrier 

(SB) i.e. M–S contact area, q is the electronic charge and k is the Boltzmann constant; 𝜙𝑏𝑜 

is the ideal Schottky Barrier Height in the absence of an image force and 𝜙𝑏𝑖 is the barrier 

height lowering due to the image force which indicates the decreasing Schottky Barrier 

Height.22 

In our measurement, the perovskite single crystals (PSCs) were placed between the 

Pt-coated cantilever and contact with the holder by a layer of Silver paste (Fig 6a). The top 

and bottom contacts of the perovskite single crystals (PSC) are not symmetric.  

We can consider the Pt/ PSC/Ag structure as a metal-semiconductor-metal (M–S–M) 

configuration. In this M–S–M configuration, two junctions are determined. The first 

junction is Ag/PSC which can act as a forward bias and the second junction Pt/PSC which 

can be a reverse bias depending on the applied voltage (Fig 7.6b). 

At the bottom of the PSC, Ag has a work function of 4.6 eV that is larger than the 

electron affinity of PSC, so Schottky barrier forms (Fig 7.6c and d). At a small forward bias, 

only a small forward current is conducted, the current–voltage curves reveal exponential 

response according to the ideal diode behaviour as shown in Fig 7.5. At larger forward bias 

the current-voltage curve starts to be dominated by the ohmic resistance of the bulk crystals. 

The curve will exhibit a straight line instead of an exponential curve (see in Fig 7.7). 

(7.1) 
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Figure 7.6 (a) Illustration of Pt/ PSC/Ag structure as M-S-M contact, the thickness of both 

perovskite sample is 300 µm, (b) Asymmetric diagram of the Schottky barrier height under 

reverse (V1) and forward (V2) biases at contacts 1 (Pt/PSC) and contacts 2 (Ag/PSC), 

respectively, and (c, d) Schematically energy band diagrams of the M–S–M contacts for 

MAPbBr3 and MAPbCl3 p-type semiconductors. 

According to the thermionic emission theory, the thermal energy given to the carrier 

to overcome the work function of material resulting in the saturated current response at a 

reverse bias range of voltage as shown in Fig 7.6a. 

For the MAPbCl3 single crystals, the electron conductivity behavior at forward bias 

is like the MAPbBr3 single crystals with the typical curve of Schottky contact feature. 

However, a current leakage was observed at reverse bias. It can be explained through the 

close position of Valence Band of MAPbCl3 perovskite is about 5.8 eV, while the work 

function of Pt is about 5.7 eV. So that the Schottky barrier height is negative (Fig 7.6d). 
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Therefore, electrons can inject from Pt to valence band of MAPbCl3 at the Pt/MAPbCl3 

contact under the reverse applied voltage. Majority carriers (holes) also pass across the 

Pt/MAPbCl3 contact without any resistance, which results in a high leakage current. As a 

result, the increase of tunnel current through the energy barrier of Pt-Perovskite interface at 

reverse bias.  

To demonstrate this tunnel effect, we measured the hysteresis of current response at 

room temperature of both of MAPbBr3 and MAPbCl3 as shown in Fig 7.6c, d. The current 

response of MAPbBr3 crystal are following the typical Schottky theory both in the forward 

and reverse bias (Fig 7.6c). However, we can observe the peak-to-valley feature (arrow 3 

to arrow 4 in Fig 7.6d) in MAPbCl3 crystal which is similar typical heterostructure resonant 

tunnelling diodes.  

To check the dependence between the crystal size and conductivity of the 

Pt/MAPbCl3/Ag configuration, we prepared the micro MAPbCl3 crystals for c-AFM testing. 

The schematic illustration of the crystal growth of micro MAPbCl3 single crystals shown 

in Fig 7.7. Firstly, the FTO glass substrates were coated by a layer poly(3,4-

ethylenedioxythiophene (PEDOT:PSS) polystyrene sulfonate) and lead acetate 

(Pb(CH3COO2)2) respectively. Then, the whole chips were place into vials which contained 

MACl solution. After 20h at room temperature inside dry-box, we obtained the micro size 

MAPbCl3 single crystals. Since PEDOT: PSS has a work function of about 4.7 eV which is 

close to the work function of Ag, the Pt/MAPbCl3/PEDOT:PSS junctions are expected to 

behave similarly to the Pt/MAPbCl3/Ag junctions in terms of conductivity. 
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Figure 7.7 (a) The average of 10 I-V curves for MAPbCl3 micro single crystals, and (b) Plots 

of Ln (I/V2) against 1/V of a Pt/MAPbCl3/Ag junctions, the dashed line indicates the voltage 

at which the tunneling barrier transitions occur. All I-V curves collected under dark 

condition. (c) Illustration diagram for voltage dropping effect on Vtrans. 

 

The Fig 7.7c show the morphology of samples with micro cubic crystals on sample 

surface. The XRD pattern in Fig 7.7a indicated the high crystalline quality of the micro 

MAPbCl3 crystals. The Fig 7.7b and Fig 7.7d shown the absorbance and topography of the 

samples, respectively. The current-voltage responses were collected at different positions 

corresponding to different micro single crystals.  
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Figure 7.8 I-V curves of MAPbCl3 single crystals after 10 measurement times under dark 

condition of (a) mm size crystals and (b) µm size crystals. The RED curve is the average 

value.  

The Fig 8b shown the average 10 I-V curves of micro MAPbCl3 single crystals with 

the growth process are described in Fig. 7.11. We observed the shape consistence in the I-

V curve between the µm- and mm- MAPbCl3 single crystals as expectation. The difference 

in current value is due to the different electric field applied through different crystal 

thickness. This result confirms that the conductivity behaviours of the MAPbCl3 are 

independent to its crystal sizes. 
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Figure 7.11 Schematic illustration of the crystal growth of Micro MAPbCl3 single 

crystals 

The structure, morphology, absorbance and topographic results of the micro 

MAPbCl3 single crystals demonstrate that the crystals possess high-crystallite (Fig. 7.12). 

With the controllable size, the micro crystals should be a promising choice for micro 

electronic devices based on MAPbCl3. 

 

Figure 7.12 Characterizations of micro MAPbCl3 single crystals: (a) XRD pattern, 

(b) Steady-state absorbance, (c) SEM Morphology image, and (d) Topographic AFM 

image. 

 

For the Pt/MAPbCl3 junctions, the tunnelling injection of electrons from the Pt tip 

into the MAPbCl3 single crystals is assumed to behave following the planar 
(7.2) 
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tunneling theory. So that, the current density from the tunnelling model is expressed by:23-

25  

𝐼 = (
𝑒𝐴

4𝜋2ℏ𝑑2
) {𝜙 (−

𝑒𝑉

2
) 𝑒𝑥𝑝 [−

2√2𝑚𝑒

ℏ
𝛼√𝜙 −

𝑒𝑉

2
𝑑]

− (𝜙 +
𝑒𝑉

2
) 𝑒𝑥𝑝 [−

2√2𝑚𝑒

ℏ
𝛼√𝜙 +

𝑒𝑉

2
𝑑]}, 

where A is the junction area me is the electron effective mass, ℏ is Planck’s constant, d is 

the tunneling barrier width, 𝜙 is the tunneling barrier height, and α is a unitless parameter 

accounting for either a non-rectangular barrier or an effective mass, and e is the electronic 

charge. When the applied bias increase according to increase of Pt energy level that near to 

valence band of MAPbCl3, the barrier transitions occur according to state shown from Fig 

8c1 to Fig 8c2, and the current-voltage dependence can be described as follows:23 

𝐼 ∝ 𝑉2𝑒𝑥𝑝(−
4𝑑√2𝑚𝑒𝜙3

3ℏ𝑒𝑉
), 

The Eq (3) can be rewritten by: 

𝑙𝑛 (
𝐼

𝑉2
) ∝ −

4𝑑√2𝑚𝑒𝜙3

3ℏ𝑒
(
1

𝑉
), 

According to Eq (4), the plot of Ln (I/V2) against 1/V will exhibit a 

logarithmic growth in the low bias voltage. When energy level of Pt tip is close to the 

valence band of MAPbCl3, the mechanisms compete, resulting in a transition from 

logarithmic growth to linear decay.  

Fig 8b shows the plots of Ln (I/V2) against 1/V of a Pt/MAPbCl3 junctions. A linear 

decay was observed in the plot. We can determine that the position at which the tunnelling 

injection occurred at 1/V=1.4 V-1 corresponds the transition voltage is 0.71 V.  

(7.3) 

(7.4) 
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7.9 Summary 

In summary, we report a highly quality MAPbBr3 and MAPbCl3 single crystals using 

electric oven inverse temperature reactive crystallization (ITC) process at 70oC. The 

topography of MAPbBr3 and MAPbCl3 single crystals show the cubic holes corresponding 

to the growth process. Moreover, the conducting AFM were used to measure the current-

voltage response of the both crystals. Interestingly, by using the Schottky contact theory, 

we can explain the tunnelling effect in conductivity behaviour of MAPbCl3 single crystals. 
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Chapter X  

Conclusion 

This chapter describes the explorative work on hybrid halide perovskite single 

crystal, including the novel solvent method to facile grow the high-quality crystal at low 

temperature, and their phase transition properties. The recommendations for further 

studies have been also given. 

In this thesis, we have reported a facile solution method to grow the stable 2D 

layered (C6H5C2H4NH3)2PbCl4 (PEPC) perovskite single crystals in Chapter 3. The 

ferroelectrics of the single crystal were confirmed by PFM, box-in-box local switching 

testing, and ferroelectric testing. The PEPC crystal can generate a remnant polarization 

of about 0.85 μC cm−2, a coercive field of about 1.5 kV/cm and an effective piezoelectric 

coefficient of 90 pm V-1. The crystal also exhibits the white light emission behaviour. 

Our results provide a new way to functionalize a new piezoelectric/ferroelectrics and 

photovoltaics based on 2D layered hybrid perovskite single crystals. 

Continuing the success of synthesizing the PEPC crystals, the lead-free 2D layered 

(C6H5C2H4NH3)2CuCl4 (PECC) single crystals using DI water as the solvent have been 

introduced in Chapter 5. The XRD data and SEM image demonstrate the high crystal 

quality of the as-prepared single crystal and their layered structure. The DSC and TGA 

data indicate the thermal stability of about 200oC and their phase transition behaviour 

of the crystals. The PFM results and box-in-box switching test show the domain 

structure in the crystal and thin film, and the ability to change the polarization orientation 

of the thin film sample. Particularly, a piezo device based on the crystal could generate 

a 0.05 V output. These results have promised new opportunities to employ the lead-free 

(C6H5C2H4NH3)2CuCl4 single crystals in piezoelectric.  

Beside the 2D perovskite crystals, the crystal growth of 3D ones has been reported. 

Chapter 6 are focusing on a facile, novel method in synthesize the centimetric 

CH3NH3PbI3 perovskite single crystals at low temperature (70°C) using mixtures 

solvent of ACN/GBL. The SEM and XRD results demonstrate the high quality of the 

tetragonal structure CH3NH3PbI3 crystals with a better thermal stability comparing to 
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the thin films, resulting from the TGA data. The time-dependent PL signals reveal the 

slow carrier dynamic, which confirming the lifetime of carriers propagating deeper in 

the crystal. Our work should provide new approaches to employ the centimetric 

CH3NH3PbI3 single crystals for both scientific study and technological applications in 

PV solar cells. 

The highly quality MAPbBr3 and MAPbCl3 single crystals using electric oven 

inverse temperature reactive crystallization (ITC) process at 70oC have been 

investigated in Chapter 7. The topography of MAPbBr3 and MAPbCl3 single crystals 

show the cubic holes corresponding to the growth process. Moreover, the conducting 

AFM were used to measure the current-voltage response of the both crystals. 

Interestingly, by using the Schottky contact theory, we can explain the tunnelling effect 

in conductivity behaviour of MAPbCl3 single crystals. 

 

Overall, the obtained results, analysis and discussion are believed to fulfil the 

research objectives. Nevertheless, the results still open for improvements as well as 

potential applications, as suggestions below: 

 

Further property of the (C6H5C2H4NH3)2PbCl4 (PEPC) perovskite single crystals 

including magnetic and photonic properties. It has been shown in Chapter 3 that the 

PEPC is a white light emission material. However, the work just stopped in optical and 

photonic characterizations. It is worthy undertaking the PEPC single crystal in an 

application. The crystal-based devices have been promised to perform better than the 

thin film based one due to their outstanding perspectives in comparison with the thin 

film. Furthermore, the magnetic characterizations of the as-prepared single crystals are 

also recommended to be studied. The application of the perovskite solar cell using the 

centimeter scale CH3NH3PbI3 has been a potential approach, in spite of the difficulty in 

technique for making the bulk solar cell devices. 
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APPENDIX  

Table A1: The structure parameters for the (C6H5C2H4)2PbCl4 single crystal simulation.  

No. Atom Symbol x y z Occ. U Site Sym. 

1 Pb Pb1 0 0 0 1 0.048 2a 2/m 

2 Cl Cl2 0.08551 0 0.0551 1 0.062 4i m 

3 Cl Cl3 0 1 -0.5 1 0.042 2c 2/m 

4 Cl Cl4 0.00023 -0.5 -1 1 0.053 4i m 

5 N N1 -0.0723 -0.5 

-

0.3784 0.5 0.047 4i m 

6 H H1A -0.0479 

-

0.4432 

-

0.3885 0.25 0.07 8j 1 

7 H H1B -0.071 

-

0.6482 

-

0.3217 0.25 0.07 8j 1 

8 H H1C -0.0854 

-

0.4086 

-

0.2803 0.25 0.07 8j 1 

9 N N1A -0.0714 

-

0.3153 

-

0.5261 0.25 0.047 8j 1 

10 H H1A1 -0.0457 

-

0.3477 

-

0.5003 0.25 0.071 8j 1 

11 H H1A2 -0.0805 

-

0.2532 

-

0.3936 0.25 0.071 8j 1 

12 H H1A3 -0.0748 

-

0.2111 

-

0.6461 0.25 0.071 8j 1 

13 C C1 -0.0896 -0.5 

-

0.5791 1 0.125 4i m 

14 H H1AA -0.0729 

-

0.5925 

-

0.6784 0.5 0.15 8j 1 

15 H H1BB -0.0883 

-

0.3369 

-

0.6342 0.5 0.15 8j 1 

16 C C2 -0.1311 

-

0.5812 

-

0.6406 0.5 0.061 8j 1 
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17 H H2A -0.1341 

-

0.7434 

-

0.5846 0.5 0.074 8j 1 

18 H H2B -0.1362 

-

0.5804 

-

0.8137 0.5 0.074 8j 1 

19 C C3 -0.1607 

-

0.4227 

-

0.5279 0.5 0.051 8j 1 

20 C C4 -0.1745 

-

0.2185 -0.648 0.5 0.062 8j 1 

21 H H4 -0.1622 

-

0.1855 

-

0.8028 0.5 0.074 8j 1 

22 C C5 -0.2018 

-

0.0712 

-

0.5465 0.5 0.078 8j 1 

23 H H5 -0.2113 0.0631 

-

0.6301 0.5 0.094 8j 1 

24 C C6 -0.2146 

-

0.1235 

-

0.3234 0.5 0.083 8j 1 

25 H H6 -0.2291 0 

-

0.2243 1 0.1 4i m 

26 C C7 -0.2006 -0.324 

-

0.2058 0.5 0.081 8j 1 

27 H H7 -0.208 

-

0.3717 

-

0.0408 0.5 0.098 8j 1 

28 C C8 -0.1736 -0.5 

-

0.3046 1 0.071 4i m 

29 H H8 -0.166 

-

0.6425 

-

0.2299 0.5 0.085 8j 1 
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Figure A1 The Calculated Data for Powder XRD of PECC perovskite showing the 

agreement with the as-prepared lead-free 2D layered PECC single crystal in Chapter 5. 


