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ABSTRACT 

Halide perovskite-based photovoltaics are the fastest-growing solar technology in 

nowadays. Because of the low production costs, perovskite-based photovoltaics are 

competitive for commercial applications in the marketplace. Additionally, due to the 

remarkable optoelectronic properties, perovskites are also promising for other 

optoelectronics, including photodetector, light emitting diode and laser. However, for 

commercial applications in optoelectronics, there are still several crucial obstacles: (i) a 

robustness patterning technique is missing for nanofabrication of perovskite devices, (ii) 

hysteresis effect exits in perovskite devices, and (iii) the stability issue of perovskite. To 

address these problems, we have performed the fundamental study on perovskite from four 

aspects: orthogonal patterning, metal contact, carrier transport, and light emission stability.   

Due to the ionic nature, halide perovskite can be easily dissolved by most of the 

commonly used organic solvents, which means conventional lithography patternings are not 

applicable for perovskite, limiting the extensive applications of perovskite electronics. To 

adress this, we introduced chlorobenzene and hexane and proposed an orthogonal electron 

beam lithography method for fabrication of perovskite nanodevices without damaging their 

electrical and optical properties. By this orthogonal method, we fabricated a two-dimensional 

single crystalline (C6H5C2H4NH3)2PbI4 photodetector with device channel length of few 

hundred nanometers and outstanding photosensing capability. 

The hysteresis effect in perovskite is highly related to the interfacial recombination and 

ionic transport, which requires abundant fundamental understanding on perovskite contact 

and transport to help to solve this issue. In this study, we performed the lithography 
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patterning method and the transfer length measurement on cm-sized single crystalline  

perovskite bulk single crystal for indicating the metal contact interface and charge transport, 

which are requared for efficienct device design and improving the device performance. 

For stable light emission, we fabricated perovskite nanowires in the nanopores of anodic 

aluminum oxide substrate using an inkjet printing technique. Lasing behaviors and 

color-tunable light emission of perovskite nanowires are demonstrated in this study, and the 

photostability is much better than reported all-inorganic perovskite quantum dots.      

We believe these fundamental studies provide solutions to some critical issues in current 

perovskite technology, thus paving the way for future optoelectronic applications.   
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CHAPTER 1: INTRODUCTION 

1.1 The Development of Perovskite Technology 

Halide perovskites (CH3NH3PbX3, X = Br-, I-, Cl-) are the fastest-growing 

optoelectronic materials in nowadays1-3. Owing to the remarkable properties including high 

charge mobility, low trap-state density, long carrier diffusion length, and impressive optical 

absorption coefficient4,5 halide perovskites is the rising star for optoelectronic applications, 

such as transistors6, photovoltaics7, photosensing8, light emission9 and lasing10. Nearly, 

another member in perovskite family, two-dimensional (2D) organic-inorganic halide 

perovskites ((ANH3)2(CH3NH3PbX3)n-1PbX4, in which ANH3 is the surface functional 

group), also catch the eyes of researchers due to their improved stability under humidity 

coming from the functional organic group and tunable optoelectronic properties by changing 

the thickness11-14. With steady research and increasing members of perovskite families, 

halide perovskites possess big potential to be the vital material for future optoelectronic 

applications. 

In perovskite-based electronics, perovskite solar cells (PSCs) is the most successful and 

well-studied application, which rapidly challenges silicon-based solar photovoltaics. With 

5-years study and development, the conversion efficiencies of halide perovskite-based 

photovoltaics have increased to > 20 %.1-3,7 This results are impressive and makes 

perovskites the fastest-growing solar technology in nowadays. Additionally, because 

perovskites can be fabricated by cheap all-solution process, the competitive production costs 

let perovskite devices more attractive for commercial applications. 
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The rapid developments of solar efficiency for PSCs is impressive, being several times 

faster than other material based solar technology, which makes researchers put a lot of efforts 

on seeking other potential optoelectronics applications for perovskites. However, there are 

still several obstacles that should be overcome: (i) a robustness nanopatterning fabrication 

method for perovskite is still missing, (ii) hysteresis effect exits in perovskite, and (iii) the 

stability issue of perovskite. To address these issues, we have studied the orthogonal 

nanopatterning method, metal contact, carrier transport and demonstrated improved stability 

light emission of perovskite using nanoporous confine method, which provide fundamental 

knowledge for developing high performance and high stability perovskite devices.   

 

1.2 Perovskite Device Patterning 

    From a broader scientific and technological perspective, the rise of the perovskite age is 

expected to greatly depend on our ability to integrate these materials with established 

semiconductor technologies. In modern integrated circuit device, billions of transistors are 

fabricated and connected to form the complex circuitry, which depends on being able to build 

all the various components (e.g., gate, source, and drain electrodes, oxide layers, etc.) at 

micro/nanoscale using standard semiconductor fabrication techniques. Lithography is the 

foundation of integrated circuit nanofabrication, used to transfer geometric patterns to a film 

or substrate, allowing selective doping, and the fabrication of wires and controlled electrical 

properties to realize multifunctional devices and delicate integration. Typically, to complete a 

complementary metal-oxide-semiconductor integrated circuit, a wafer will go through over 

50 lithographic cycles that feature a series of organic solution processes to fabricate an 
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exposure pattern on the material beneath the photoresist, which allows the smallest device 

features to be fabricated at the nanometer scale.  

However, due to ionic bonds and polar ions in the crystal structure, organic-inorganic hybrid 

perovskites possess strong polarity, making them tend to be degraded when contact with 

polar solvents, including commonly used solvents in lithography process (water, acetone, 

alcohol, etc.),15-19 which means we cannot use standard lithography patterning method to 

achieve perovskite-based devices. Therefore, pursuing a perovskite compatible 

nanofabrication technique is the most urgent requirement for the future of perovskite.  

    For perovskite patterning in micro scale, due to the immaturity of customized 

photolithography for perovskite, most perovskite devices with patterned electrodes or other 

structure were constructed through shadow masks. However, the patterned resolution of 

shadow masks are usually limited to a dozen microscale, and the costs of high-resolution 

masks are very expensive. Moreover, the use of shadow masks also loses the flexibility in 

different patterns. In 2017, an orthogonal photolithography technique for perovskite was 

developed using hydrofluoroether (HFE) solvents.20 In the photolithography process, high 

molecular weight polymer OSCoR-1000 as photoresist was spin coated upon perovskite film. 

After ultraviolet (UV) exposure with a contact mask aligner, the device was developed in the 

HFE-7300 solution. The perovskite etching can be down by using SF6 plasma to remove the 

resist-uncovered parts of perovskite. In the final step, HFE-7100 was used as the remover to 

perform the lift-off process. In this photolithography, photoresist, developer, and remover are 

polymers with low polarity, thus enabling micro-scaled patterned structure on perovskite 

device without damaging. However, although the initial success of microscale patterning on 
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halide perovskites was achieved, the nanoscale patterning method is still shortage to fabricate 

perovskite-based nanodevices.  

    In nanofabrication patterning, electron beam lithography (EBL) is the key technique to 

realized semiconductor electronics in nanoscale owing to the minimized diffraction during 

short DeBroglie wavelength electron beam exposure. Very recently in Advanced Materials, a 

work on the conventional top-down EBL for fabricating three-dimensional (3D) perovskite 

devices with isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) solvent processes 

was proposed. However, because perovskites can be damaged by used polar solvents and 

leads to the degradation of device’s performance, the success are limited although it can 

achieve reproduction of perovskite devices. In the processes, standard long chain polymethyl 

methacrylate (PMMA) was used as the resist due to its low polarity and the MIBK/IPA with 

mixed ratio 1:3 acted as the developer. Then, induced coupled plasma etching on perovskite 

can be achieved by using chlorine gas and C4F8 protective gas to produce chloride and 

carbon ions, in which chloride ions etch the resist-unprotected part of perovskite and carbon 

ions protect the sidewall of patterns. However, it is not applicable as researcher’s extensive 

understanding that the use of developer solution (MIBK mixed with IPA) in the lithography 

can damage perovskite surface. Because 3D perovskite sample usually have a thick thickness 

(hundred micrometers thick), although perovskite surface was damaged by the developer 

solution, the device still can show modest optoelectronics properties. However, if we use 

standard lithography on 2D perovskite with a thickness of few nanometers, the MIBK and 

IPA will dissolve the thin 2D perovskite in few seconds. Therefore, designing an ideal 

orthogonal EBL process, in which the resist, developer, stripping solvent, and cleaning 
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solution should all be orthogonal to the perovskite, is necessary to advance perovskite 

technology. 

 

1.3 Perovskite Contact Engineering 

    Understanding perovskite contact engineering is necessary to design efficient 

perovskite-based electronics. Comparing to orther inorganic semidonductors, 

organic-inorganic hybrid perovskites are more chemically reactive, which means perovskites 

have more probability result in the interface defects when they contact with other materials.21 

These make them difficult to achieve Ohmic contact with pure metal electrodes. In response, 

various hole transport and electron transport materials have been studied to improve carrier 

extraction at perovskite contact interface. In all kinds of perovskite electronics, PSCs is the 

fastest developed one with extensive studies. By understanding the contact engineering in 

PSCs technology, we can have fundamental knowledge to pursuit high efficient perovskite 

electronics for different applications.  

Generally, the configuration of PSCs can be classified into two categories: planar 

heterojunction cells and mesoporous cells. The typical planar PSCs feature layer-by-layer 

structure, including a substrate, an electron transport layer (ETL), a perovskite absorber 

layer, a hole transport layer (HTL), and an electrode, while mesoporous PSCs employ TiO2 

or Al2O3 scaffold infiltrating into perovskite to form the absorber layer. In both types of 

PSCs, the interface engineering, including HTL contact, ETL contact, and the metal contact, 

plays a key role in perovskite device performance and stability. In the past few years, 

researchers have made considerable efforts to improve contact engineering and successfully 



 

21 

 

 

 

push the conversion efficiency of PSCs to over 20 %.22,23 Here, we briefly review the 

development in perovskite contact with HTL, ETL, and the metal electrode, and their 

influences to perovskite device performance. 

 

1.3.1 HTL contact in perovskite devices 

    In the developing of PSCs, several reports have shown that the use of HTL can 

significantly improve the device efficiency as well as its resistant to humidity.24-26 HTL 

usually possesses high hole mobility, thus assisting the hole transport from the perovskite 

absorber to the collecting electrode. An ideal HTL also acts as the electron blocking layer, 

which prevents the electron transport to the anode and inhibits carrier recombination. 

Moreover, the valence bands of chosen HTL and perovskite should in a compatible match 

that decreasing the injection loss at the interface. By using HTL to increase hole collection, 

reduce charge recombination, and minimize interface loss, the remarkable improve hole 

transport in PSCs leads to higher open circuit voltage (Voc) and fill factor (FF), benefiting the 

device power efficiency. Another desired advantage of using HTL in PSCs is the improved 

device stability. Because hybrid perovskite consisting of organic groups and molecular ions 

features ionic properties,15 the material tends to be degraded when it contacts with moister or 

oxygen in the atmosphere.21 A compact HTL can protect the perovskite absorber and 

suppress the degradation of device performance. 

    Up to date, the commonly used HTL can be classified as organic and inorganic 

materials. In the organic HTL materials, 2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine) 

-9,9’-spirobifluorene (Spiro-OMeTAD) has become the most successful one in PSCs 
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technology. In fact, the efficiency of perovskite photovoltaics using Spiro-OMeTAD was 

lower than 8 % in the beginning step due to its modest pristine hole mobility (in an order of 

10−4 cm2 V−1 s−1) and low conductivity.27-29 Later, researchers have introduced Li-TFSI and 

TBP into Spiro-OMeTAD as additive dopants to improve the hole mobility (an order of 

magnitude enhanced) and achieved dramatic success in PSCs efficiency above 15 % and 

even reached 21.6 %.24,30-37 Other polymer HTL material, such as poly (3-hexylthiophene) 

(P3HT), PEDOT:PSS, and PTAA, were also be used in PSCs due to the lower cost and more 

stable in the air compare to Spiro-OMeTAD. Different dopants including Li-TFSI, TBP, 

graphdiyne, and carbon nanotubes have been added into P3HT (pristine hole mobility 3× 

10−4 cm2 V−1 s−1)38 and achieve excellent PSCs performance (up to 17.7 %).39-41 PTAA with 

high hole mobility value in a range from 10−3 to 10−2 cm2 V−1 s−1 was also used in PSCs,42 

leading to remarkable high efficiencies (22.1 %),2,35,43,44 which even greater than 

Spiro-OMeTAD based devices. On the other hand, due to the transparent feature, 

PEDOT:PSS (hole mobility > 1 cm2 V−1 s−1) was widely used in inverted planar PSCs, in 

which the HTL is on the glass side to harvest the solar light.45-47 The reported PSCs using 

PEDOT:PSS as HTL can also achieve high efficiency up to 18.1 %.48-53 The successes of 

organic HTL have carried PSCs a step forwards for commercialization. However, doped 

organic hole transport materials are usually sensitivity to humidity, which limits the stability 

of device performance of PSCs.54-56  

    In response to the stability issue, researchers have developed several inorganic materials 

based HTL. Because the valence band edge of CH3NH3PbI3 perovskite is 5.4 eV, p-type 

semiconductors with a suitable valence band match were employed in PSCs, including NiO, 

Cu2O, CuI, and CuSCN (the hole mobility are 0.1, 100, 10, and 0.1 cm2 V−1 s−1 
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respectively).57-60 Due to the wide bandgap natures, these inorganic materials exhibit high 

transparency and therefore favorable to be applied in inverted PSCs.61 Recently, NiO HTL 

was used in inverted PSCs by multiple groups and successfully achieve high efficiency up to 

19.3 % with the assist of Cu dopant and carbon to improve the electrical conductivity.62-65 

Cu2O has high mobility and long carrier diffusion length, making it ideal to improve the hole 

collection in PSCs and the accomplished devices show efficiencies of 17.1 %.66-68 CuI has 

relatively low carrier diffusion length.69 However, with optimized deposition methods to 

grow high-quality film, Cu compounds also show potentials to be HTL candidates in PSCs 

(reported efficiencies for CuI based devices can reach 19.9 %).70-72 CuSCN has become the 

spotlight recently.73 In the past, PSCs efficiencies over 20% have been realized only with 

organic HTL. In 2017, CuSCN HTL based PSCs was demonstrated with high efficiency up 

to 20.2 % with long-term stability more than 1000 h,74 making CuSCN a promising material 

for the future application. Another impressive HTL material is graphene oxide (GO, hole 

mobility 0.6 cm2 V−1 s−1),75 which has unique high thermal conductivity and electrical 

conductivity.76,77 In practical use, GO usually acts as the buffer layer between perovskite 

absorber and Spiro-OMeTAD to assist hole transport at contact interfaces, and the reported 

device efficiencies can reach 16.5 %.78-80 Although these PSCs using inorganic HTL cannot 

reach record efficiency as high as organic HTL based PSCs, the stable device performance 

also makes it potential to be commercialized. 
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1.3.2 ETL contact in perovskite devices 

    Similar to HTL, the use of ETL in PSCs can result in the considerable enhance on 

electron injection, transport, and collection. For a proper ETL, the material should have 

excellent electron mobility as well as the suitable conduction band aligned with perovskite 

absorber. Moreover, different from HTL, high transparency of ETL is also required for 

typical PSCs to enable the incident light transmission to the perovskite. As a result, high 

bandgap inorganic metal oxides become the popular candidate for ETL in PSCs. TiO2 

(bandgap 3.2 eV) is the most commonly used one as its suitable band structure, long 

electrons lifetimes, and simple fabrication.81 However, the electron mobility of TiO2 (~ 1 cm2 

V−1 s−1) is insufficient,82 n-type additive dopants are required to boost the electron 

transport.83-85 To date, many reported PSCs based on doped TiO2 ETL could reach high 

conversion efficiency of more than 20 %.30,34,35,43,74,86 Although high efficient device 

performances have been achieved; the devices were unstable under UV illumination,87,88 and 

most of high-quality TiO2 ETL were prepared at high temperature, hindering further 

commercialization and the use in flexible applications. Another interesting ETL material is 

ZnO owing to its superior electron mobility (200 cm2 V−1 s−1) and the high direct bandgap of 

3.37 eV.82 The PSCs with ZnO ETL shows the efficiency as high as 21.1 %.89,90 

Nevertheless, ZnO is more chemically unstable, which may lead to the degradation of device 

performance over time.91 Recently, high environmentally stable and low-temperature 

fabricated SnO2 ETL has catch people’s eyes. With great mobility (250 cm2 V−1 s−1) and high 

transparency (bandgap 3.6 eV),82 high-performance PSCs based on SnO2 ETL were reported 

by many groups.35,92-95 To overcome the hysteresis effect in PSCs, which has been seen as 

the key obstacle, the atomic layer deposition (ALD) was introduced to fabricate high-quality 



 

25 

 

 

 

SnO2 layer, and the PSCs devices show hysteresis-free performance with the efficiency of 20 

%.36,96 However, the ALD technique is a high-cost fabrication method, more efforts are 

needed to develop cost-effective methods to grow high-quality SnO2 ETL for hysteresis-free 

PSCs.  

    Organic polymer ETL materials have also been applied in PSCs due to their 

low-temperature fabrication and suitable band match with CH3NH3PbBr3 perovskites, such 

as C60, PCBM, PEHT, and ICBA. Because of the lower transparency, the main application of 

these organic polymer ETLs is inverted structure PSCs. However, the electron mobility of 

polymer ETLs are relatively low compared to metal oxides ETL, thus requiring the additional 

dopants. Low-temperature processable PCBM (electron mobility in order of 10-3 cm2 V−1 

s−1)97 is the most successful one in inverted PSCs. The reported PSCs using PCBM as ETL 

can achieve efficiency by over 15 % without hysteresis effect.52,53,63 Although inverted PSCs 

didn’t reach record efficiency as high as standard PSCs, their long-term stability, and 

hysteresis-free property make them have great potential for commercialization. 

 

1.3.3 Metal electrodes in PSCs devices 

    Metal contact is a very important topic in semiconductor electronics. For HTL-free 

PSCs, the better contact between metal and perovskite can significantly improve the charge 

extraction and minimize the scattering loss at the junction interface.98 Moreover, even the 

metal electrodes don’t contact directly with perovskite absorber in typical structured PSCs, 

several reports have found that the use of different metal electrodes can still interference the 

long-term stability of devices.99-101 Ag electrode was used in the first all solid-state PSCs in 
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2012 with a device efficiency of 10.9 %.7 With remarkable electrical conductivity, Ag 

electrode based PSCs were rapidly developed to over 15 % efficiency in a short time.102 

However, following studies have discovered that the I⁻ can migrate from CH3NH3PbI3 

perovskite to Ag electrode through Spiro-OMeTAD to form AgI defect, leading to 

degradation of device performance over time.103,104 As a result, the buffer layer and metal 

composite electrode were introduced to prevent the chemical degradation. For example, 

AgAl alloy electrode based PSCs has shown a 11.7 % efficiency with much better stability 

than pure Ag electrode counterpart.105 Another noble metal Au has become the most widely 

used metal electrode in PSCs due to its chemical inertness. An ultrahigh PSCs efficiency of 

21.6 % with great long-term stability has been reported in 2016 using Au top electrode and 

PTAA HTL.30 Although PSCs has already been quite successful by using Au electrodes, the 

high cost of Au makes researchers looking for cheaper alternatives. With a close work 

function to Au, Ni electrode is a potential candidate to cost down the PSCs (ФNi = 5.04 eV, 

ФAu = 5.10 eV). The PSCs based on Ni electrode have been reported with comparable Voc 

value to Au reference cell.106 High conductive and cheaper Cu electrode was also examined 

for PSCs. Although the efficiencies of Cu based devices are lower than Au counterpart, some 

reports have demonstrated that the use of Cu electrode can improve the device stability either 

in the atmosphere or high temperature.107,108 

 

1.4 Carrier Transport in Perovskites 

Hysteresis is a major issue in PSC devices that should be solved for the 

commercialization of PSC technology. Current researches have pointed out that the 
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hysteresis effect is highly related to the ionic transport in perovskite crystal.17 Ionic carriers 

such as ion defects and vacancy defects are important charge carriers in hybrid perovskites. 

The migration of ions has been observed by several experiment methods.17,18,109,110 This ions 

migration in halide perovskite brings out a lot of effects for the devices. For examples, the 

scanning kelvin probe microscopy (SKPM) measurement shows the ion accumulation in 

perovskite causes the surface potential decreases with a positive poling, while surface 

potential increase with a negative poling.111 The ion accumulation also results in the giant 

switchable photovoltaic effect in perovskite devices, in which the n doping happens at the 

positive ion rich side while p doping happens at the other side.112 

Since both electronic carriers (electron and hole) and ionic carriers (ions and vacancy) 

exist in halide perovskites, these two carriers can work as the co-transport in perovskite 

devices. Because the formation of mobile ion defect highly depends on the method of crystal 

growing, the carrier transport behavior can be different if we tune the crystal growing 

method. Even for perovskite single crystals, which are expected to have minimized hysteresis 

due to the high crystal quality, the current reports also show the different results when the 

crystal growing methods are different. For example, a paper in Advanced Materials 

Interfaces mentioned shows strong hysteresis effect on the CH3NH3PbBr3 single crystal with 

the lateral Au electrode,113 while negligible hysteresis effect on both CH3NH3PbBr3 and 

CH3NH3PbI3 single crystals have been observed by several groups with same lateral Au 

configuration.6,114,115     

    Generally, the carrier transport in halide perovskites includes electronic and ionic 

movement. For electronic transport, to improve the carrier mobility, the perovskite synthesis 

should be considered from the intrinsic aspect and prepared with methods paying attention to 
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the grain boundaries, doping, and impure phases. Also, the ionic transport may introduce 

some special effect favorable or not. The unfavorable effect like hysteresis in solar cells and 

transistor should be avoided, and favorable ones should be exploited to design new devices. 

 

1.5 Halide Perovskite for Light Emission Applications 

Due to the superior optoelectronics properties, perovskites have also been developed for 

lighting applications by several groups. The performance of perovskite-based light emitting 

diode (LED) has rapidly developed with external quantum efficiency over 10% and 

brightness over 50000 cd m-2 in the past three years.116,117 However, owing to the high 

non-radiative recombination rate of perovskite, the spontaneous dissociation of electron-hole 

pairs could limit the performance of perovskite LED. Additionally, the low 

photoluminescence quantum yield (PLQY) of perovskite should be further improved for 

efficient lighting. As a result, the perovskite quantum dots (QDs) have been developed, 

which can achieve high PLQY value and high exciton binding energy by confining 

electron-hole pairs in a minimal space. With bright, tunable wavelength, narrow emission, 

and high PLQY, perovskite QDs are regarded as the potential candidate for next-generation 

light emission technology.118 

For the preparation of perovskite QDs, besides perovskite precursors, additional 

additives are necessary to structural confine the perovskite crystal growing in a small space. 

The template confine, hot-injection, and ligand-assisted reprecipitation are commonly used 

methods to synthesize perovskite QDs. In template confine method, perovskite QDs are 

usually grown in the porous confined template such as metal-organic frameworks, gyroidal 
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silica and porous metal oxides.119-121 However, the grown perovskite QDs using this method 

are imprisoned in the nanostructure, which is good for backlight application, but increasing 

the difficulties of fabricating LED devices. In contrast, hot-injection method used long-chain 

alkyl ammonium bromide mixed with oleic acid or octadecene as the coordinated solvents, in 

which the long-chain alkyl ammonium bromide substitutes the porous template to isolate the 

QDs in a small space.122,123 This process is usually performed under a warm condition to help 

to dissolve the long chain ammonium bromide. Although the hot-injection method is simple 

and flexible, this process only works for bromide perovskite QDs, which limits it for 

extensive applications. Ligand-assisted reprecipitation is the most popular method recently 

due to its mildness, low-cost, simple and fast preparation, in which two coordinating ligands 

(e.g. n-octylamine and oleic acid) are used to confine the growing of perovskite QDs.117,124,125 

Although current methods are mature to synthesize high-quality perovskite QDs and 

high-performance lighting devices are demonstrated by several researchers, the long-term 

stability is still a major issue that should be addressed for commercial perovskite QDs 

applications in lighting and backlight displays.    
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CHAPTER 2: EXPERIMENTAL TECHNIQUES AND 

METHODOLOGY 

2.1 Perovskite Synthesis  

    Synthesis of 3D single crystal CH3NH3PbBr3 perovskite: To synthesis CH3NH3Br, 

the precursor of bromide perovskite, CH3NH2 and HBr solutions were mixed with molar ratio 

1:1 in a 10 °C fridge for 2 hours. Then, ethanol was added into the solution to obtain solid 

phase CH3NH3Br. As grown CH3NH3Br and PbBr were dissolved in 

N,N-dimethylformamide (DMF) solvent with molar ratio 1:1. Next, anti-solvent 

vapor-assisted crystallization (AVC) process was performed to grow perovskite crystals, 

where the anti-solvent dichloromethane (DCM) was diffused into the mixed solutions.126 One 

thing should be noted is that the diffusion process of DCM should be very slow. In the 

experiment, a parafilm with small pinhole was covered on the solutions container to make 

sure the slow DCM diffusion process. Additionally, the sizes of grown perovskite crystals are 

highly related to the growth temperature (see Fig. 2.1). After picking up the perovskite from 

the DMF solutions, the crystals were washed using the lens papers and anhydrous hexane 

(hexane was anhydrous by molecular sieve (4A) with volume ratio 1:1). 
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Figure 2.1. The size of CH3NH3PbBr3 crystal as a function of surrounding temperature 

during perovskite growth. 

 

    Preparation of bulk single crystalline (C6H5C2H4NH3)2PbI4 perovskite: First, 0.5 

gram PbI2 was dissolved by the HI solution at 90 °C temperature, followed by adding 0.1 ml 

C6H5C2H4NH2 into the mixed solution. The solution was keep heated with 90 °C for one day. 

After the heating process, when the solution was cool down, single crystalline 

(C6H5C2H4NH3)2PbI4 perovskites with approximately 10 mm2 sizes were appeared. Then, the 

crystals were picked up and washed with hexane. This experiments were performed at 50 % 

room humidity. 
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2.2 Perovskite Device Fabrications 

    Single crystalline CH3NH3PbBr3 perovskite growth on SiO2/Si substrates: First, the 

CH3NH3Br and PbBr were dissolved in DMF solvent with molar ratio 1:1. Several drops of 

the prepared solution were dripped on the SiO2/Si substrate by pipette and the sample was 

heated at 60 °C for removing unwanted DMF. After the DMF had been removed, the single 

crystalline CH3NH3PbBr3 perovskites with sizes of several micrometers were appeared on 

the SiO2/Si substrate. 

 

Single crystalline (C6H5C2H 4NH3)2PbI4 perovskite nanosheets transfer onto 

SiO2/Si substrates: The scotch tape was used to exfoliate thin (C6H5C2H 4NH3)2PbI4 

perovskite nanosheets from the bulk crystal, followed by transferring the nanosheets to a 

Gel-Pak polydimethylsiloxane (PDMS) film. The nanosheets with area less than 100 um2 

were chosen and transferred to SiO2/Si substrates via the PDMS dry-transfer process.127 

Atomic force microscopy (AFM) measurements were carried out to examine the thickness of 

transferred perovskite nanosheets. The nanosheets with thickness less than 20 nm were used 

in the orthogonal EBL fabrication. 

 

Orthogonal EBL fabrication of single crystalline (C6H5C2H4NH3)2PbI4 perovskite 

devices: Bilayer PMMA (495K A4 and 950K A4) were coated on the sample as the resist 

using spin-coater with a spin rate of 4500 rpm. Because perovskite can be easily degraded 

when temperature higher than 100 °C,21 we used 60 °C as the resist baking temperature, and 

extend the baking time to 12 hours. After the resist coating process, an EBL machine 
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(CABL-9000C) was utilized for the patterns exposure process with 5 keV and 1000 pA 

current. Then, the development was performed using chlorobenzene (CB) and hexane mixed 

solution with a ratio 1:3, and the developing time was 100 s. For the metal deposition, Ti and 

Au were deposited on the sample with thicknesses of 10 and 80 nm, respectively. The lift-off 

was performed using CB solvent to remove the resist layer. Finally, the device was washed 

by hexane and dried on a 60 °C hotplate. 

 

Fabrication of printed perovskite NWs: To prepare the perovskite inks, PbBr2 and the 

CH3NH3Br powders with equivalent molar ratio were added into DMF solution with a molar 

concentration of 0.5 M. The mixed solution was put on a 90 °C hotplate for 24 hours to make 

the perovskite inks. Finally, the inks were filtered through a 0.25 µm filter for printing 

purpose. Fujifilm Dimatix inkjet printer (DMP-2831) was used to print the perovskite inks on 

the AAO substrate (Whatman, pore size 0.02 µm). During printing process, a vacuum 

pumping was employed on the bottom of the AAO substrate to guide the perovskite inks into 

the nanopores. Then, the sample was annealed at 90 °C for 2 h, and the perovskite NWs were 

obtained in the AAO nanostructures. 

 

2.3 Material and Morphology Characterizations 

    X-ray diffraction (XRD) measurements: A Bruker Kappa XRD system (APEX DUO) 

was introduced to exiame the molecular structures of single crystalline perovskites. Another 

Bruker XRD system (D8 Advance) was employed for measuring the XRD spectra of 

perovskite powders that ground from single crystalline perovskites.  
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Absorption, photoluminescence (PL), and Raman spectroscopy: The Raman and PL 

spectra of CH3NH3PbBr3 and (C6H5C2H4NH3)2PbI4 perovskites were measured using a 

NT-MDT PL/Raman combined mechine (NTEGRA Spectra) with a 473-nm laser. The 

optical absorption spectra of perovskites were verified by an UV-VIS-NIR spectrometer 

(UV-3600, Shimadzu). 

 

    Scanning electron microscope (SEM). A FEI SEM system (Quanta 200) was used to 

examine the surface and cross-section morphologies of perovskite samples.  

 

    AFM measurement: A commercial AFM system (Agilent 5400) was introduced to 

measure the morphology of perovskite surface. The RFESPA-75 cantilevers were used with a 

resonance frequency of 75 kHz and the tip radius of 8 nm. 

 

    SKPM characterization: To determine the fermi level of perovskite crystal, a 

multifunction AFM system (Cypher ES) was used to perform the SKPM measurement. The 

cantilevers (Asylum) with Pt and Ti coating were employed with a resonance frequency of 70 

kHz and the tip radius of 28 nm.  

 

    Photoelectron spectroscopy in air (PESA): To estimate the ionization potential of 

perovskite crystal, the Riken Keiki AC-2 spectrometer was used in the experiment with a 35 

nW power UV source. 



 

35 

 

 

 

    Thermogravimetric analysis (TGA): TGA experiment was carried out with 

TGA/STA-QMS 403 C system. The temperature was increased from room temperature to 

600 ºC with an increasing rate of 2 ºC per minute. 

 

2.4 Other Experiments 

    Orthogonality test for 12 solvents: The PL spectroscopy and optical microscopy were 

used to examine the single crystalline CH3NH3PbBr3 and (C6H5C2H4NH3)2PbI4 samples on 

SiO2/Si substrates before immersing them in water, acetone, ethanol, methanol, hexane, ethyl 

ether, CB, IPA, MIBK, DMF, DMSO, and DCM. After immersing in these solutions for a 

period of time, the PL and optical microscopy experiments were performed again to check 

the properties of perovskite samples. 

 

Perovskite crystal polishing: To polish the perovskite surface, a grinder (PT-5721F) 

with mesh 8000 diamond paste was used for grinding the crystals. The lens papers were 

further used with diamond pastes to polish and smoothie the crystals. Finally, the polished 

crystal was cleaned with hexane and lens paper.  

 

PMMA sealing: The AAO substrate was fixed on the glass. A spin coater with 1500 

rpm rotation setting was used to coat PMMA protection layer on the samples. The coating 

process was performed two times in the experiment. 
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I–V measurement: In the experiments, the I–V measurements were performed using a 

Keithley 4200 characterization machine with a temperature controller (Lakeshore 336) and a 

probe station system (CG-196-200). 
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CHAPTER 3: ORTHOGONAL ELECTRON BEAM LITHOGRAPHY 

PROCESS FOR HALIDE PEROVSKITE NANODEVICES 

3.1 Research Motivation  

    The solubility is a double-edged sword to the hybrid perovskite. Synthesis by solution 

process of perovskite is a cheap fabrication, which is the essential reason making this area of 

research attractive. However, once a soluble perovskite has been synthesized it generally 

remains soluble. Contact with most of common organic solvents can degrade perovskite, or 

totally remove perovskite, which leads to the big obstacle for future applications. That means 

perovskite is not able to be processed by the key components of the lithographic processes 

such as acetone, IPA, and deionized water. Accordingly, most perovskite-based devices are 

in millimeter or micron scale, which were usually manufactured using layer-by-layer 

fabrications including shadow mask deposition, evaporator, sputter, atomic layer deposition, 

spin-coating or printing technology to prevent using organic solutions in the lithography 

process.102,128-131 Recently, researchers have employed protection layer covering perovskite 

flakes and plasma etching technique in the EBL fabrication, which can prevent the 

interaction between perovskite and organic solutions.132 Nevertheless, the additional 

protection layer and plasma removing can make the fabrication more time-consuming and 

also increase the difficulties. So far all of the device fabrication processes developed for 

perovskite lack the flexibility, controllability, and wafer scalability at the micro/nano scale, 

which are key obstacles in the way of realization and commercialization of perovskite 

nanoelectronics. 
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    Up to date, due to the lack of perovskite patterning skills, most researches on perovskite 

are focused on solar applications using layer-by-layer fabrication methods.128 The developing 

of other kinds perovskite electronics is still in infancy stage. With orthogonal perovskite 

patterning techniques, we believe more studied on perovskite electronics with various 

patterned structures will be performed in the near future. Up to now, a highly reproducible 

orthogonal patterning method on perovskite in nanoscale is still missing. Therefore, 

developing a robust and high-resolution orthogonal EBL method is the pressing demand for 

perovskite electronics, especially urgent for micron-scale 3D and 2D halide perovskite thin 

flake and nanowire (NW) due to their small material sizes. 

 

3.2 Results and Discussions 

    In this research, we identified the orthogonal solvents to substitute acetone, IPA, and other 

solvents in the EBL technique for fabricating perovskite-based nanodevices. For fabricating 

organic semiconductor devices, we should consider the chemical orthogonality: the chosen 

orthogonal solvents should only remove the resist layer without degrading the underlying 

active materials.133 In EBL process, an appropriate combination of aggressive solvent for 

dissolving resist layer and inert solution for washing samples is necessary. We examine the 

chemical orthogonality of twelve solutions as listed in Table 3.1 on 3D single crystalline 

CH3NH3PbBr3 and 2D single crystalline (C6H5C2H4NH3)2PbI4 perovskites. Fig. 3.1 illustrates 

the molecular structure and powder XRD spectra and the corresponding single crystalline 

XRD data can be found in Tables 3.2–3.5. Among those solvents, MIBK, CB, ethyl ether, 

DCM, DMF, and DMSO possess capabilities to dissolve PMMA resist layer. On the other 
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hand, acetone, methanol, ethanol, IPA water, and hexane can be good solvents to wash the 

samples. Then finding out the orthogonality of those solvents to perovskite samples is the most 

critical step. 

 

Table 3.1. Polarity of solvents in the study. 

Purpose Solvent Relative polarity Reference 

Using for  

cleaning samples 

Hexane 0.009 134 

Isopropyl alcohol (IPA) 0.382 134 

Acetone 0.5 134 

Methanol 0.5 134 

Ethanol 0.578 135 

Water 1 - 

Using for dissolving 

PMMA  

Chlorobenzene (CB) 0.188 136 

Ethyl ether 0.275 134 

Dichloromethane (DCM) 0.304 134 

Methyl isobutyl ketone (MIBK) 0.412 134 

N,N-dimethylformamide (DMF) 0.627 134 

Dimethyl sulfoxide (DMSO) 0.706 134 
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Figure 3.1. Molecular crystal and XRD pattern of single crystalline CH3NH3PbBr3 and 

(C6H5C2H4NH3)2PbI4 perovskites. The molecular structures of (a) CH3NH3PbBr3 perovskite 

with cubic crystal structure and (b) (C6H5C2H4NH3)2PbI4 perovskite with layered triclinic 

crystal structure. The XRD spectra of (c) CH3NH3PbBr3 and (d) (C6H5C2H4NH3)2PbI4 

perovskites, respectively.  

 

    Fundamentally the difficulty for patterning perovskites is the limit candidates of 

orthogonal solvent. If there is a suitable match of processing solvent and perovskite, the 

orthogonal EBL process would be expected to be robust, high-resolution, and high 

throughput technique because of the chemical compatibility issue between perovskite and 

patterning agents. Herein, exploiting non-polar solvents to process polar materials is the main 

concept in the experiments. First of all, we investigate the relations between the polarity of 
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solvents and their chemical reactivity to perovskites. Due to the strong ionic bonds in the 

perovskite crystals, both 3D and 2D perovskites can be chemically decomposed by most of 

polar solvents, as described in equation (1) and (2) respectively: 

 

3 3 3 2 (s) 3 2 (aq)CH NH PbX   PbX  + CH NH  + H  + XPolar solvents                      (1) 

 

3 2 3 3 3 n-1 4 2 (s) 3 2 (aq)(ANH ) (CH NH PbX ) PbX   nPbX  + (n-1)CH NHPolar solvents   

+

2 (aq)+ 2ANH  + (n+1)H  + (n+1)X
                                           (2) 

An example illustration is shown in Fig. 3.2a to demonstrate that how the perovskite is 

decomposed in the polar solvents. 
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Figure 3.2. The orthogonality test on CH3NH3PbBr3 and (C6H5C2H4NH3)2PbI4 perovskites 

with different solutions. (a) Schematic diagram of CH3NH3PbBr3 dissolved in the polar 

solvents. The PL spectrums and optical images of (b) CH3NH3PbBr3 and (c) 

(C6H5C2H4NH3)2PbI4 perovskites for hexane, CB, acetone, and IPA solvent test. 
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    To study the impact of the solvent orthogonality, PL measurement was performed 

before and after immersing the perovskites in the 12 solutions for a period of time. There is 

no detectable change in PL peaks and morphology for the perovskite crystals immersed in 

hexane and CB for 2 minutes as compared to the untreated perovskite, as shown in Fig. 

3.2b,c revealing that the studied 2 solutions won’t degrade both 3D perovskites and 2D 

perovskites. On the other hand, the PL spectra were greatly reduced and the perovskites were 

damaged after immersion in the other 10 solutions (Fig. 3.2b,c, 3.3 and 3.4). To verify the 

orthogonality of these two solvents by electrical measurement, Au electrodes were deposited 

using the e-beam evaporator and shadow mask on single crystalline 3D and 2D perovskites to 

detect their I-V characteristics. The photocurrent and dark current had no significant change 

for both kinds of perovskite devices after immersing into hexane and CB for 2 minutes 

respectively (Fig. 3.5), again confirming that the perovskite is not be degraded by CB and 

hexane. As a result, the excellent chemical orthogonality of hexane and CB to perovskite has 

been demonstrated regarding electrical and optical characteristics as well as morphology. 

These results is particularly useful in the fabrication of perovskite-based devices because new 

patterned are able to used by this orthogonal process without damage to existing perovskite. 
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Figure 3.3. The orthogonality test on CH3NH3PbBr3 perovskites. We used PL and optical 

microscope to examine CH3NH3PbBr3 perovskites before and after immersing them in 

ethanol, methanol, DI water, MIBK, DMF, DMSO, DCM, and ethyl ether. 
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Figure 3.4. The solvent orthogonality test on 2D (C6H5C2H4NH3)2PbI4 perovskites. The PL 

spectrums and optical images of (C6H5C2H4NH3)2PbI4 perovskites before and after 

immersing them in ethanol, methanol, DI water, MIBK, DMF, DMSO, DCM, and ethyl 

ether. 
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Figure 3.5. The electrical properties of 3D CH3NH3PbBr3 and 2D (C6H5C2H4NH3)2PbI4 

perovskite devices before and after sequential treated by hexane and CB for 2 minutes each. 

Au electrodes were deposited on CH3NH3PbBr3 and (C6H5C2H4NH3)2PbI4 millimeter-scaled 

single crystals by e-beam evaporator. Then the I-V characteristics for (a) 3D CH3NH3PbBr3 

crystal and (b) 2D (C6H5C2H4NH3)2PbI4 crystal in dark condition and under AM 1.5G light 

source were investigated before and after sequential treated by hexane and CB for 2 minutes 

each. The photocurrent and dark current had no significant change, indicating the excellent 

chemical orthogonality of hexane and CB to perovskites. 

 

    The polarity of 12 solvents we tested is listed in Table 3.1. Hexane almost has zero polarity 

because its chemical structure is symmetric and composed atoms are nonpolar,137 resulting in 

its suitable chemical properties to deal with perovskite samples. In contrast, CB contains polar 

chlorine atom, but it can delocalize the electron of chlorine and achieve stabilized four 

resonance states.138 Hence, the polarity of CB is low, making it compatible to be used for EBL 

patterning on perovskites. In a next step, we will show that the hexane- and CB-based 
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patterning process does not degrade the perovskites and thus allows fabrication of e-beam 

lithographically structured devices based on perovskite.139 

    In the ideal orthogonal lithography patterning, the processed chemicals should be all 

orthogonal to the perovskites, including resist, the developer solution, the solution for 

removing the resist, and the cleaning solution. Therefore, we can avoid the solvent induced 

degradation of perovskites during device fabrication. Instead, the solvent in the device 

fabrication process incompatible with the perovskite films could decompose the perovskite to 

PbI2, resulting in considerably low device performance. Before performing orthogonal EBL, 

we prepared the single crystalline (C6H5C2H4NH3)2PbI4 perovskites on the SiO2/Si substrates 

using a dry-transfer process. A schematic of typical EBL process is shown in Fig. 3.6a. 

PMMA bilayer was employed due to the excellent sensitivity to the electron beam and easier 

lift-off features. Firstly, we coated the PMMA 495KA4 layer with a spin rate of 4500 rpm on 

the sample, and put on a 60 °C hotplate for 2 h. After that, the coating of PMMA 950KA4 

resist was performed with the same spin rate. Then, the whole sample was baked at 60 °C for 

12 hours. Due to the low degraded temperature of (C6H5C2H4NH3)2PbI4 perovskite (100 

°C),21 we only used 60 °C to bake the sample. An EBL writer was then used to expose 

designed structure on the sample (the settings are 1000 pA current and 50 µC/cm2 exposure 

dose). When the EBL writing finished, the development was carried out with CB and hexane 

mixed solution (1:3) for 100 s, and then the sample was cleaned by hexane. Because CB has 

strong solubility to PMMA, the dilute solution hexane should be added to weaken the whole 

developer to make sure only the exposed part of PMMA resist was stripped. According to our 

test result, CB and hexane with mixed ratio 1:3 is ideal for removing exposed PMMA and 

keep the unexposed part complete. After the development, Ti/Au electrodes (10 nm/80 nm) 
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were deposited on the sample through the e-beam evaporator. Ti is for improving adhesion 

between Au metal and SiO2/Si substrate, and Au is for forming ohmic contact with 

perovskite. Then, the lift-off was performed by 60 °C CB solution for a period of time until 

all the unwanted materials were stripped. After that, we used hexane to clean the device and 

dry it on a hotplate. 
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Figure 3.6. EBL processes and EBL-fabricated photodetector on 2D (C6H5C2H4NH3)2PbI4 

perovskite. (a) The modified orthogonal EBL processes for fabrication of perovskite device. 

(b) The optical image and (c) SEM image of (C6H5C2H4NH3)2PbI4 perovskite photodetector. 

(d) I–V characteristics of the (C6H5C2H4NH3)2PbI4 photodetector in dark condition and under 
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AM 1.5G light source. (e) The time-dependent photoswitching of the perovskite 

photodetector with applied voltage of 5 V. 

 

 

Figure 3.7. Four other devices were fabricated on 2D perovskite single crystals, featuring 

various patterned electrodes using the orthogonal EBL method, which shows the reliability of 

this technique for fabricating perovskite devices. 
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Figure 3.8. The AFM measurement of (C6H5C2H4NH3)2PbI4 nanosheet device. (a) The 

surface image of the perovskite device. The root mean square (RMS) roughness for SiO2/Si 

substrate and perovskite flake are 2.4 nm and 3.2 nm, respectively. (b) The high profile along 

the white line of Fig. 3.8a shows that the perovskite nanosheet features a thickness about 9.7 

nm. 

 

    The optical microscopy image of EBL fabricated metal-semiconductor-metal (MSM) 

photodetector based on 2D (C6H5C2H4NH3)2PbI4 perovskite can be seen in Fig. 3.6b. To 

demonstrate the proposed modified EBL is reliable and repeatable, we show the pictures of 

more EBL fabricated perovskite devices in Fig. 3.7. In our experiments, without extensive 

optimizing the EBL parameters, the device with small channel length of 380 nm can be 

realized (Fig. 3.6c), which demonstrates that orthogonal lithography can be a useful tool to 

realize the submicron features of perovskite devices. More efforts are required to optimize 

the parameters in modified EBL process for achieving the smaller nanostructures. 

Furthermore, the topographical of the device was surveyed by AFM as shown in Fig 3.8. The 
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remained atomically flat surface of perovskite shows no significant damage occurred on 

perovskite during fabrication processes.  

    The dark current and photocurrent of EBL-processed (C6H5C2H4NH3)2PbI4 

photodetector are shown in Fig. 3.6d using a AM 1.5G light source. One can see a current 

saturation point exists around 3.5 V. Because 2D perovskite possesses a very small size and 

ultrathin thickness, the carriers generated by the photons in 2D perovskite flake are much less 

than that in bulk 3D perovskites, resulting in a saturated current at low applied bias in our 

(C6H5C2H4NH3)2PbI4 nanodevice. Additionally, because phenylethyl ammonium, the surface 

organic group of (C6H5C2H4NH3)2PbI4, is hydrophobic, the leakage current of device is 

greatly reduced, that also decreases the energy consumption. Furthermore, at 5 V bias, the 

photocurrent of the device is 10 times higher than the dark current, that confirms the high 

photodetetion capability of EBL processed perovskite device. The stable operation was also 

demonstrated by the reversible photoswitching of the device (Fig. 3.6e). With the orthogonal 

EBL method we reported here, flexible and controllable patterning on perovskite-based 

devices down to nanoscale can be realized in the future. 

 

3.3 Conclusions 

In the study, our experiment demonstrated the excellent chemical orthogonality of CB 

and hexane to both 2D and 3D perovskites. Due to the nonpolar property, when we processed 

perovskite crystals with these orthogonal solvents, there were no damages observed in optical 

and electrical measurements. By the orthogonal processing and EBL patterning technique 

with proper use of hexane and CB solvents, we successfully fabricated a stable 2D 
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(C6H5C2H4NH3)2PbI4 perovskite single crystal photodetector with the channel length down to 

380 nm, realizing perovskite nanoelectronic devices. The orthogonal EBL method engraving 

the fine circuits on hybrid perovskites will open the new page for the era of perovskite 

nanoelectronics. 

 

Table 3.2. Single-crystal XRD data sheet of CH3NH3PbBr3. 
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Table 3.3. Coordinates of atoms and parameters of isotropic atomic displacement for 

CH3NH3PbBr3. 

 

 

Table 3.4. Single-crystal XRD data sheet of (C6H5C2H4NH3)2PbI4. 
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Table 3.5. Coordinates of atoms and parameters of isotropic atomic displacement for 

(C6H5C2H4NH3)2PbI4. 
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CHAPTER 4: METAL CONTACT SCHOTTKY INTERFACE OF 

PEROVSKITE SINGLE CRYSTAL 

4.1 Research Motivation 

    Up to date, most developments on PSC technology are based on polycrystalline 

perovskite. But, a disadvantage of polycrystalline or amorphous perovskites is the suppressed 

charge diffusion length owing to the presence of crystal grain boundary, that may cause 

inefficient charge collection in the optoelectronics devices.140 Additionally, some challenges 

also exist in polycrystalline perovskite based optoelectronics devices for commercial 

applications. As an example, because of varied device performance, the average conversion 

efficiency of perovskite photovoltaics usually lower than claimed highest efficiency from 4 

% to 10 %.52 Moreover, the strong hysteresis in perovskite-based devices also makes them 

suffered from the device stability.141,142 From another perspective, the grain boundary and 

defect states in polycrystalline perovskites can obscure intrinsic optoelectronic characteristics 

of materials, thus hindering the investigation and study on their charge transport and metal 

contact mechanism.  

 To address these problems, grain boundary free perovskite single crystals have been 

developed by several groups8,126,143-145 for the applications of high efficient solar cell, 

atmosphere detection, and light sensing.8,146,147 Because of greatly reduced defect states and 

the removal of crystal grain boundary, the hysteresis in these perovskite single crystals are 

also minimized. Furthermore, the diffusion lengths and mobility of the materials are also 

significantly improved.126 For example, the single crystalline CH3NH3PbI3 have been 

demonstrated by Dong et al., exhibiting impressive long carrier diffusion lengths of >175 μm 
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,that is much longer than polycrystalline perovskites (typically in a few hundred nm).8 In 

addition, due to the minimized defect states, perovskite single crystals is suitable for 

researching their intrinsic properties, which can help us pursuit the higher performance of 

perovskite-based devices.   

    Besides the use of high quality perovskite single crystals, the electrical contact and 

charge transport are also play a vital role for optimizing the performance of electronic 

devices.148 For efficient electrical contact, the HTLs are frequently employed in perovskite 

photovoltaic devices, including P3HT and Spiro-OMeTAD materials. Nevertheless, the low 

stability of these organic layers in the air makes the additional device sealing necessary for  

commercial applications.55,56 On the contrary, metals electrodes are more stable in the air and 

also cheaper than organic HTLs. As a result, perovskite device with Au electrodes features 

much better stability in the air than with P3HT and Spiro-OMeTAD contact layers (Fig. 4.1). 

For these reasons, the development of single crystalline perovskites with metal contacts is 

vital, yet we still do not fully understand the contact behavior between these materials. 
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Figure 4.1. Monitoring the stability of the CH3NH3PbBr3 perovskite-based MSM devices in 

the air (50% average humidity) with and without the HTL. We fabricated the device using 

contacts made of (a) Au and (b) spiro-OMeTAD and P3HT HTL. The dark current of the 

perovskite device made with the Au electrode remains greater than 70% of the initial current 

level for 25 days, demonstrating the long-term retention of the device’s electrical properties. 

In contrast, the spiro-OMeTAD and P3HT devices lasted for less than 4 days. 

 

    Generally, for PSC application, it requires band alignment to achieve effective current 

injection and extraction (usually use ETL and HTL or other techniques), which have been 

well studied. However, perovskite as the most emerging optoelectronic materials is also 

heavily investigated for the applications other than solar cells and LEDs. For some 

applications, such as diodes, transistors, electron or hole blocking layers, designing the 

appropriate barrier height in the electronics is important. In addition to metal work function, 

there are still several factors can affect the Schottky barrier height, which haven’t been well 

studied yet. Therefore, we have investigated the metal contact interface on CH3NH3PbBr3 

perovskite single crystal in this study, which provides us insight and knowledge to design the 

appropriate band barrier in a variety of the applications in perovskite electronics. 

    To address these fundamental needs, we undertook the metal contact study of single 

crystalline CH3NH3PbBr3, which was grown using the AVC method.126 We prepared 

perovskite single crystals with different metal electrodes to study the transport behavior at 

the MS contact interface. The observed temperature dependence of the electric current 

indicated that current injection from the metal to the perovskite is based on thermionic 
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emission. Furthermore, we determined the Schottky barrier height of the 

metal/semiconductor (MS) junctions for Au, Pt, and Ti contacts in this study.149 

 

4.2 Results and Discussions 

    In the study, AVC growth method was introduce to prepare centimeter-sized 

CH3NH3PbBr3 perovskite single crystals (Fig. 4.2a). We chose CH3NH3PbBr3 as the main 

studied subject because its clearer planar-surface and better stability than AVC-grown 

CH3NH3PbI3 perovskite55 and CH3NH3PbCl3 is visible-blind150 due to the wide bandgap of 

2.88 eV, that makes it unsuitable for applications in solar related technology. 
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Figure 4.2. Picture and basic properties of CH3NH3PbBr3 single crystals. (a) Photograph of a 

cubic CH3NH3PbBr3 single crystal. (b) High quality of perovskite crystal was confirmed by 

measured and calculated XRD results. The single crystal XRD data is demonstrated in Table 

3.2 and 3.3. (c) Cubic molecular crystal structure of CH3NH3PbBr3. CH3NH3
+ organic 

groups, Br– and Pb2+ ions are located at the corners, faces, and the center in the cubic 
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structure. (d) The Raman signals of CH3NH3PbBr3 perovskite at 332 cm−1 as a function of 

rotated angle. Raman spectrum of perovskite is presented in the inset. (e) The PL spectrum 

and UV-Vis absorption of single crystalline CH3NH3PbBr3 perovskite. (f) TGA measurement 

of single crystalline CH3NH3PbBr3 perovskite. 

 

 We characterized the CH3NH3PbBr3 using XRD with the ground perovskite powders 

from the bulk centimeter-sized crystals. Fig. 4.2b is the XRD spectrum of CH3NH3PbBr3 

perovskite. The sharp peak in the XRD patterns can reflect the high purity of perovskite 

crystals. Fig. 4.2c also shows the cubic structure of CH3NH3PbBr3 perovskite single crystal 

that obtained in single crystalline XRD measurement in Table 3.2. The rational Raman 

measurement on CH3NH3PbBr3 crystal was performed using a laser to provide 473 nm 

excitation under backscattering geometry. The Raman at the peak position (332 cm-1) shows 

the periodic signals with the rotated angle, indicating the single crystalline property of 

CH3NH3PbBr3 (Fig. 4.2d).151 Moreover, the UV-Vis absorption spectra in Fig. 4.2e presented 

a cut-off at the band edge which agreed with the PL measured bandgap (Eg) of CH3NH3PbBr3 

perovskite (2.3 eV). 

 The thermal stability study is also important for halide perovskites.24 The TGA 

experiments demonstrate the crack temperature of single crystalline CH3NH3PbBr3 is around 

320 oC (Fig. 4.2f), which is higher than crack temperature of polycrystalline CH3NH3PbBr3 

(210 oC, as shown in Fig. 4.3). Additionally, we carried out the Hall measurement on single 

crystalline CH3NH3PbBr3, that shows the carrier concentration of perovskite is 4x1010 cm-3 

and the mobility is about 40 cm2 V-1 s-1. The Hall measurement also demonstrates the p-type 
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property of single crystalline CH3NH3PbBr3, which means the hole carriers dominate the 

current transport in material.152,153 

 

 

Figure 4.3. TGA measurement of polycrystalline CH3NH3PbBr3. The cracking temperature 

of the material occurs at 210 ºC. 

 

We sputtered different kinds of metals (Pt, Au, and Ti, 100 nm thick) on the perovskite 

sample through a shadow mask. The work functions for Pt, Au, and Ti metals are 5.65, 5.1 

and 4.33 eV, respectively. We established a MSM structure on the CH3NH3PbBr3 crystal. The 

circuit of our MSM structure is shown in Fig. 4.4a, including two Schottky diodes and a 

resistor.154 Fig. 4.4b shows the I-V curves of perovskite samples with three different metal 

contacts. One can see that the I-V characteristics displayed exponential growth, indicating 

that the Schottky behavior play an important role in the MSM structure.155 Additionally, we 
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found the turn-on voltage of the sample with Au electrode is smaller than other two samples, 

which implies that the Au/perovskite junction interface features a lower Schottky barrier than 

than Pt/perovskite and Ti/perovskite interfaces. 

 

 

Figure 4.4. The I-V measurements and analysis of junction barriers on single crystalline 

CH3NH3PbBr3 perovskite with Au, Pt, and Ti metal contacts. (a) Circuit diagram of the 

MSM structure on single crystalline CH3NH3PbBr3 perovskite. (b) Normalized I-V 
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characteristics of perovskite crystal with different metal contacts. (c) I-V characteristics of Au 

contacted perovskite crystal in temperature range from 200 oC to 275 oC. The ln(J T-2) 

against 1/T plots of the perovskite at different voltage bias for the (d) Au contact, (e) Pt 

contact, and (f) Ti contact, respectively. (g) Linear relation between ΦE and (V+Φ0)
1/4 

indicates that the image force plays an important role at Schottky junction interface. 

 

 The temperature dependence of I-V measurements can help us to study the current 

injection at the Schottky junction. Fig. 4.4c demonstrates the I-V characteristics of Au 

contacted perovskite when the temperature varied from 200 to 275 K. To analysis the current 

injection, the total resistance (Rt) of the MSM system can be treated as a series of the 

forward-biased junction resistance (Rf), the resistance of the perovskite (Rp), and the 

reverse-biased junction resistance (Rr). At low bias, the charges will meet a much greater 

resistance on the reverse-biased side and therefore the relatively small Rf can be neglected. 

As a result, the reverse-biased junction dominates the total voltage drop, which we can 

analyze using current transport models. Single crystalline perovskites with ultra-long carrier 

diffusion lengths are more appropriately described by thermionic emission theory, which 

assumes that no collision occurs between carriers in the depletion region.156 According to 

thermionic emission, phonon thermal energy excites the charge carriers and emits them over 

the barrier, resulting in a current flow that depends exponentially on temperature. The 

saturation current density in the reverse-biased junction can be described as148,157 
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in which A** is the equivalent Richardson constant, q is the electron charge, ΦBE is the 

effective Schottky barrier height, and KB is the Boltzmann constant. Based on Equation (3), 

the bias-dependent ΦBE can be determined from the slope of ln (J/T2) versus 1/T, which is 

shown in Fig. 4.4d-f for the Au, Pt, and Ti contacts, respectively. From these results, we 

found that ΦBE decreased as the bias increased. For example, for the Au contact, the ΦBE was 

153 meV at 0.5 V bias and 144 meV at 1 V bias. The lowering of the effective barrier height 

with increasing bias voltage suggests that the image force plays an important role in the 

Schottky junction.158 Due to image force lowering of the Schottky barrier, the effective 

barrier height becomes lower than the ideal value. When the carriers approach the junction 

interface from the metal side, the corresponding image charges are built up at the perovskite 

surface due to the change of electrical field. Then, the attracting image force between carrier 

and its image charge is generated, which reduces the Schottky barrier height at the junction 

interface. Additionally, the potential of the image charges grows simultaneously when the 

applied voltage increases, leading to a voltage-dependent lowering of the barrier. This 

Schottky barrier lowering is described by two equations in image force theory, including148 
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in which ΦB0 is the barrier height in the absence of the image force, E is the maximum 

electric field at the junction, p is the dielectric constant and ND is the doping concentration of 
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the single crystal perovskite, and Φbi is the built-in potential. To simplify the equation, the 

thermal energy (KBT) can be neglected compared to Φbi and V. By substituting 

0 0ln C
bi B B B

D

N
K T

N

 
    

 
   into equation (4) and (5), where NC is the effective 

conduction band density of states, ΦBE can be obtained as 
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According to Equation 6, the ΦB0 and ΦE0 can be determined by least squares fitting of ΦE 

versus (V+Φ0)
1/4, in which ΦE0 is the effective barrier height when the applied voltage is zero, 

as shown in Fig. 4.4g. As a result, we calculated ΦE0 values of 0.17 eV, 0.38 eV, and 0.47 eV 

for the Au, Pt, and Ti contacts respectively, and the corresponding ΦB0 values were 0.22 eV, 

0.55 eV, and 0.74 eV. 
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Figure 4.5. The comparison of band diagram differences between the ideal barrier height 

(ΦBi) and the barrier in the absence of the image force (ΦB0) at the interface of Au and 

perovskite Schottky junction. The band structures of (a) ΦBi and (b) ΦB0 for the Au/ 

CH3NH3PbBr3 junction, showing the charge pinning occurred at the contact surface. 

 

    At the MS junction, the Schottky barrier is the comprehensive result of the metal work 

function, image force, and interface states. The ideal Schottky barrier height (ΦBi) between a 

metal and p-type semiconductor can be predicted by the electron affinity model: 

                               Bi p mIP  ,                            (7) 

in which IPp is the ionization potential of a p-type semiconductor and Φm is the work function 

of the contact metal. Fig. 4.5a,b illustrate the band diagrams of ΦBi and ΦB0 for the Au 

contact. We determined the work function (Φ) and electron affinity () of single crystalline 

CH3NH3PbBr3 from SKPM and PESA, as shown in Fig. 4.6 and 4.7. According to Equation 

(7), the ΦBi between CH3NH3PbBr3 and the Au electrodes is 0.6 eV, whereas the barrier 

height in the absence of the image force from Fig. 4.4f was 0.22 eV. The difference in these 

values indicates that the surface pinning effect occurs at the Au/perovskite junction interface. 

    For a defect-free interface, the Schottky barrier is determined by the charge neutrality 

level of metal-induced gap states. However, in a real case, the defects at the perovskite 

surface tend to capture electrons and form the interface dipoles, which give rise to charge 

rearrangement upon the formation of the MS interface.159,160 It has been reported that water 

molecules in the air can adsorb on the surface of single crystalline CH3NH3PbBr3, leading to 
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a polycrystalline-like structure on the surface that forms surface states161 (unlike 

polycrystalline CH3NH3PbBr3, in which water molecules can damage whole crystal along the 

grain boundary). As a result, the Fermi level near the interface is pinned by these surface 

states, which lowers the Schottky barrier height, as shown in Fig. 4.5b. We observed similar 

behavior with Pt and Ti electrodes on the perovskite, in which the trapped electrons form 

interface dipoles, resulting in a dipole-induced shift in the Schottky barrier height, as shown 

in Fig. 4.8. 

 

Figure 4.6. Estimating the work function of single crystal CH3NH3PbBr3 with SKPM. (a) 

AFM topographical height image of the perovskite crystals on an Au plate. (b) The local 

surface potential (VCPD), defined as the contact potential difference between the local surface 

and the SKPM probe, changes along the line profile of Fig. 4.6a. The relative surface contact 

potential difference (VCPD) obtained in Fig. 4.6b should correspond to the difference 

between the work functions of the two surfaces, namely
CPD Au pe V   , in which ΦAu 

and ΦP are the work functions of Au and the perovskite, respectively. Using Au  5 eV, we 

estimated ΦP to be 5.12 eV.  
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Figure 4.7. PESA of single crystal CH3NH3PbBr3. Based on the intersection point of the 

extrapolated line (red) and the x axis of the PESA measurement, we calculated the ionization 

potential (IP) of the perovskite to be 5.61 eV. Since IP  + Eg , we determined the 

electron affinity () of CH3NH3PbBr3 to be 3.3 eV. 
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Figure 4.8. The comparison of band diagrams differences between the ideal barrier height 

(ΦBi) and the barrier in the absence of the image force (ΦB0) for the CH3NH3PbBr3 contacts 

with Pt and Ti metals. The band structures of ΦBi and ΦB0 for single crystal CH3NH3PbBr3 

contacted with (a) Pt and (b) Ti to demonstrate the charge pinning occurred at the contact 

surface. 

 

    Another important concern for efficient current injection is the contact resistance 

between the active material and the metal electrode. To estimate the contact resistance, we 
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performed transfer length method (TLM) measurements on the perovskite for the different 

metals.162-164 Au, which has the smallest Schottky barrier in this case, was deposited onto the 

perovskite surface in the TLM structure using e-beam lithography. Note that depositing 

micron-scale electrodes or smaller patterns on the perovskite surface is difficult due to the 

high surface roughness of the AVC-synthesized crystal. Therefore, we ground and polished 

the perovskite to smooth its surface, which enabled us to successfully deposit the metal 

electrodes on the sample by e-beam lithography. A SEM image of the patterned electrodes on 

the perovskite is shown in Fig. 4.9a. In a MSM structure, the total resistance RT is obtained 

by a two-terminal measurement that can be described by155,165 

                                  2  T C iR R R                            (8) 

in which RC is the contact resistance and Ri is the perovskite bulk resistance. Here, two 

contact resistances are assumed to be the same when the applied voltage is large. Because 

contact resistance is highly dependent on the contact area, we defined the specific contact 

resistance ρc to be c C CR A   , in which AC is the active contact area.166 Substituting ρc and 

 i

L
R

A
   into Equation (8), where ρ is the resistivity of the perovskite, L is the distance 

between the two electrodes, and A is the cross-sectional area of the current flow, the total 

resistance becomes 

                                 
2 c

T

C

L
R

A A


  .                          (9) 

The TLM method suggests a method to measure the contact resistance by constructing a 

series of resistors with several different lengths and measuring the RT of each when keeping 
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all other details the same. According to equation (9), ρ can be evaluated from the slope of RT 

against a fitting line of L, and ρc can be obtained when L is zero. To calculate ρ and ρc, we 

performed a simulation of current flow distribution in the device to confirm the effective 

contact areas (AC) and the cross-sectional areas of the current flow (A), as shown in Fig. 4.9b. 

The simulated result shows that only 1.44 x 10-7 cm2 of the Au electrodes (18% of the 

electrode areas) were effectively in contact with the perovskite single crystal, and the 

effective cross-sectional area of the current flow was 2.26 x 10-6 cm2. Details of the 

simulation can be found in Fig. 4.10. 
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Figure 4.9. The analysis of contact interface resistance and material resistivity of Au 

contacted CH3NH3PbBr3 perovskite using TLM measurement. (a) The SEM of 

CH3NH3PbBr3 perovskite with EBL fabricated TLM designs. (b) the simulation of current 

density in the TLM structure. (c) Bias-dependent contact resistance ρc for the Au/perovskite 

junction. (d) Bias-dependent resistivity of single crystalline CH3NH3PbBr3. (e) 

Temperature-dependent contact resistance ρc and (f) resistivity of single crystalline 

perovskite with 3.5 V applied voltage. 
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Figure 4.10. Simulated current density in the perovskite with Au contacts. (a) Top view of 

the current flow on the device’s surface. The current calculated based on the simulation is 

1.24 x 108 A at 3.5 V, which is comparable with the experimental value of 0.95 x 108 A. (b) 

Cross-section of the current flow in the yz-plane of the device. The effective cross-sectional 

area of the current flow is 2.26 x 10-6 cm2 (effective width and depth are 35.82 µm and 6.3 
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µm, respectively). Here, the effective width and depth were estimated by integrating the 

current flow, which contains 80% of the total current flow along the integral direction. (c) 

Cross-section of the device’s current flow in the xz-plane. According to the current flow 

distribution from the Au electrodes to the perovskite, only about 18% of the Au electrode 

area is in effective contact with the sample. 

 

    Fig. 4.9c shows that ρc decreases with bias, echoing the results of Equation (6), which 

showed that higher image force-induced barrier height lowering when the applied voltage 

was increased. On the other hand, the resistivity of the perovskite remained constant as the 

bias changed from 2 V to 5V (Fig. 4.9d). Temperature-dependence is a key way to verify the 

electrical characteristics of a material. Therefore we measured the ρc of the sample as the 

temperature ranged from 100 K to 300 K via the TLM method (Fig. 4.9e). The strong 

temperature-dependence of ρc signifies that more charge carriers have enough thermal energy 

to overcome the Au/perovskite Schottky barrier height at higher temperatures. The 

temperature-dependent resistivity as shown in Fig. 4.9f again confirms the insulating 

behavior of the single crystalline CH3NH3PbBr3 perovskite. As temperature increases, the 

charge carriers in the confined region gain sufficient energy to escape to the conduction band, 

enhancing the free carrier concentration and resulting in a reduction of the bulk resistivity. 

Thus under these conditions, the perovskite acts as a traditional semiconductor. 

 

 

 



 

78 

 

 

 

4.3 Conclusions 

    In summary, we have investigated the metal contact in bulk single crystalline 

CH3NH3PbBr3. The current injection at the contact interface follows thermionic emission 

theory, and we deduced the experimental Schottky barriers as 0.17 eV, 0.38 eV, and 0.47 eV 

for the Au, Pt, and Ti electrode contacts, respectively. We attributed the difference in the 

Schottky barriers of the three metals to their different work functions, imaging forces, and 

interface pinning effects. We also discussed the image force-induced barrier height lowering 

effect and found that the height of the Schottky barriers in the absence of the image force 

were 0.22 eV (Au), 0.55 eV (Pt), and 0.74 eV (Ti). The Fermi level pinning effect was also 

observed near the interface, owing to electrons trapped by the surface states, which leads to 

charge rearrangement near the interface of the metal electrode and the CH3NH3PbBr3. This 

fundamental study provides us insight knowledge to better design the band barrier in 

perovskite electronics. 
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CHAPTER 5: CARRIER TRANSPORT OF PEROVSKITE SINGLE 

CRYSTAL 

5.1 Research Motivation 

    Understanding the carrier transport mechanism in perovskites is important for learning 

how to increase device efficiency. For studying carrier transport mechanism in the materials, 

TLM and 4 points measurement are frequently used methods to directly measure the 

resistivity of material. However, due to challenges in robust perovskite device patterning 

technique enabling the measurement of transport properties, to date, the studies on 

perovskite’s carrier transport are using indirect strategies, such as mobility measurements, 

terahertz and time-resolved photoluminescence, to observe the scattering and carrier 

recombination in the perovskite crystal.64,167-169 Due to the existence of trap states, mobile 

ions, ferroelectricity, and interface charge in perovskite, the carrier transport is complicated 

and highly depends on the method of crystal growth.170 Briefly speaking, the research on the 

carrier transport in perovskite is still in infancy stage. More direct investigation of 

temperature dependent conductivity of perovskites can help us to gain insights into the 

transport mechanism.  

    By having the cm-sized perovskite single crystal and employing device patterning 

techniques, and the TLM, we are able to get the insight into the carrier transport behaviors, 

which is necessary for maximizing device performance and help us reduce the hysteresis 

effect in perovskite. We investigated the bulk resistivity of the perovskite using the TLM. By 

studying the current flows near the surface of CH3NH3PbBr3 single crystal, our results 

suggest that the surface charges would induce the thermally activated transport in the 
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temperatures ranging from 207 K to 300 K, while a 3D variable range hopping (VRH) 

conduction mechanism dominates current transport from 120 K to 207 K. We also confirmed 

the VRH carrier behavior with various Mott parameters. This study of the surface carrier 

transport properties in single crystalline CH3NH3PbBr3 provides fundamental knowledge that 

can be used to maximize future perovskite-based device performance. 

 

5.2 Results and Discussions 

    In Chapter 4, we have performed the TLM measurement on bulk CH3NH3PbBr3 single 

crystal to survey the Au contact resistance and the resistivity of perovskite as shown in Fig. 

4.9. To better understand the carrier transport and hopping in bulk CH3NH3PbBr3, we further 

investigated the temperature dependence of the conductivity (, the inverse of resistivity) 

obtained from the measurement in Fig. 4.9f. Fig. 5.1a shows the Arrhenius plots of the 

conductivity at temperatures ranging from 207 K to 300 K, indicating that thermally 

activated transport dominates this temperature region171—a process that is described by 

Equation (10): 

                                exp a

B

E

K T
C

 
  

  ,

                        (10) 

in which C is a constant and Ea is the activation energy. To further study the transport 

mechanism at temperatures lower than 207 K (where the data deviates from the Arrhenius 

plot), we fit the results with multiple carrier transport models and found the best match with 

3D VRH conduction (Fig. 5.1b), which suggests that  
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,                       (11) 

in which 0 is a constant at a certain temperature, and T0 is the degree of disorder (T0 = 288 x 

104 K in this case).172 A schematic of thermally activated transport and the 3D VRH 

mechanism is shown in Fig. 5.1c. 
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Figure 5.1. The carrier transport mechanism of CH3NH3PbBr3 perovskite investigated by the 

relation between the conductivity and temperature. (a) The -T-1 plot of single crystalline 

CH3NH3PbBr3 perovskite. The line fitting for 207-300 K temperature indicates that the 

thermal activation transport dominates the charge behavior in the perovskite. (b) The σ

T1/2-T-1/4 single crystalline CH3NH3PbBr3 perovskite, showing the 3D-VRH transport 

behavior for 120-207 K temperature. (c) Illustration that shows the charge behaviors of 

thermal activation and 3D-VRH transports. 

 

    Because the mobile ionic carriers exist (including ions MA+, Pb2+, X- and vacancies 

VMA, VPb, VX), ionic carriers and charge carriers are believed to form the joint transport in 

hybrid perovskite.16,17,173 The ionic carriers are expected to follow thermally activated 

transport while charge transport is determined by the charge-carrier−phonon 

scattering.167,174-176 Thus, the growth and quality of crystal can significantly interference the 

transport. In the high-temperature region from 207 K to 300 K, our experiment result shows 

the thermally activated conduction dominates in perovskite. However, the ionic transport 

cannot dominate the transport in this study, since the high quality of perovskite was 

confirmed by single crystal XRD and angular dependent Raman, and the hysteresis effect is 

not obvious during measurements. 

    Since the measured current flows along the surface of perovskite as shown in Fig. 4.10b, 

the carrier scattering should be affected by the surface charges, which we have mentioned 

previously in the part of metal contact pinning effect. The surface charges can result in the 

carrier−defect scattering and thus the current transport turns into thermally activated 
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transport in the perovskite surface region. Furthermore, from the linear part of the curve in 

Fig. 5.1a, we determined that Ea of the thermal activation was approximately 0.2 eV. This 

small Ea value confirms that the thermally activated transport is caused by the defect level. 

 Conversely, in the low-temperature region below 207 K, the effect of the surface charge 

induced thermal activation decays and the VRH transport dominates the carrier conduction. 

Owing to the eliminated contact barrier by the TLM and the high quality of CH3NH3PbBr3 

single crystal, we can evaluate the VRH by 3D mode transport and verify the related Mott 

parameters. Mott’s 3D VRH model suggests that electric transport takes place due to hopping 

of the carriers between the localized states. Note that charge carrier hopping is not restricted 

to the neighboring states as long as the thermal energy matches the energy difference 

between the hopping states by a comparable order of a few KBT. Furthermore, the 

temperature dependent PL measurement (Fig. 5.2) shows a peak-wavelength shift around 120 

K, which can be attributed to the tetragonal-to-orthorhombic phase transition of single crystal 

CH3NH3PbBr3.
177,178 In the tetragonal phase and the temperature region from 120 K to 207 

K, the charge carriers in perovskite follow 3D mode VRH transport. However, for the 

transport in orthorhombic phase below 120 K, although it is reported that the VRH occurs in 

the orthorhombic phase perovskite,173 we cannot conclude a specific mode of VRH here due 

to insufficient data below 100 K. 
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Figure 5.2. Temperature dependent PL measurement shows the phase transition of 

CH3NH3PbBr3 around 120 K. 

 

    To investigate the Mott parameters, 0 and T0 in Equation (11) can be expressed as 
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 ,                         (13) 

in which  is the phonon frequency at the Debye temperature (about 1013 s-1), N(EF) is the 

density of localized states at the Fermi level, α is the inverse localization length of the wave 

function for the localized state, and λ is a dimensionless constant of about 18.172 Using 



 

85 

 

 

 

Equations (12) and (13) for the temperature range of 120 K to 207 K at known 0 and T0, we 

determined that N(EF) and α were 2.61 x 1016 eV-1cm-3 and 7.12 x 105 cm-1, respectively. The 

other two Mott parameters, namely the average hopping distance (R) and the hopping energy 

(W), can also be evaluated by179,180 
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and 
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 .                        (15) 

Generally, W is the energy required for the inelastic tunneling transfer of a charge carrier 

between two localized states with the assistance of phonons. In VRH conduction, as proposed 

by Mott,180 the value of W should be on the order of a few KBT while αR should be 

approximately unity. In our study, according to the calculated values of the Mott parameters 

for the temperature range of 120 K to 207 K (Table 5.1), the average hopping distance R 

decreased with temperature, while the hopping energy increased. The values of αR were also 

on the order of unity, demonstrating close agreement with the 3D mode of the VRH model. 

Understanding this carrier transport mechanism provides insight for improving 

perovskite-based devices for future applications. 
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Table 5.1. Calculated Mott parameters of 3D-VRH charge transport in single crystalline 

CH3NH3PbBr3. 

T (K) R (cm) W (meV) αR 

207 5.73 x 10-6 48.5 4.08 

200 5.78 x 10-6 47.3 4.11 

175 5.98 x 10-6 42.8 4.25 

150 6.21 x 10-6 38.1 4.42 

125 6.50 x 10-6 33.2 4.63 

 

5.3 Conclusions 

In summary, we have investigated the metal contact and carrier transport behavior in 

bulk single crystalline CH3NH3PbBr3. The temperature dependence of the sample’s 

resistivity shows that the single crystalline perovskite falls in an interface state induced 

thermally activated conduction regime for the temperatures between 207 K to 300 K, though 

we observed 3D VRH conduction in the low temperature region of 120 K to 207 K. We also 

calculated and discussed the Mott parameters of the perovskite for the 3D VRH carrier 

transport model. By using perovskite patterning technique and directly TLM measurement 

the value of thermal activation energy and the Mott parameters of variable range hopping can 

be measured, which are not achievable by other indirect measurements. This study of 

analyzing carrier transport behavior in single crystalline CH3NH3PbBr3 helps establish a 

platform for developing further fundamental knowledge and practical applications of 

perovskite-based electronics and optoelectronic device. 
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CHAPTER 6: HIGH STABLE AND PRINTABLE PEROVSKITE 

NANOWIRES FOR COLOR-TUNABLE LUMINESCENCE  

6.1 Research Motivation 

With bright, high color purity, tunable emission wavelength, high PLQY and other 

superior optoelectronics properties, low-dimensional perovskites (NW and QD) have been 

developed for several kinds of light emission applications, including fluorescent powder, 

LED, backlight display, etc.181-185 However, as an ionic material with high polarity, hybrid 

halide perovskite can be easily degraded by oxygen, moisture, temperature, and light.186 In 

response to the stability issue, all-inorganic cesium lead halide perovskites (CsPbX3, X= Cl, 

Br, I) have been presented for light emission applications, which possess better stability due 

to the lower chemical activity compare to its methyl-ammonium counterparts.187-189 Device 

sealing and the use of protection layer were also studied by several groups to extend the life 

of perovskite-based electronics.190-192 Nevertheless, the developed CsPbBr3 perovskite QD 

nanocomposites can only work for 4-days long under continuous UV illumination,193 which 

still has a far way to go for commercialization. 

To prepare perovskite QDs, besides perovskite precursors, the additional additives are 

necessary to structural confine the crystal growing in a minimal space. Although the 

additives used in current synthesis method (including template confine, hot-injection, and 

ligand-assisted reprecipitation) can effectively isolate the perovskite QDs, they only provide 

limited protection for the perovskite. For example, oleic acid, a most common additives using 

in synthesizing perovskite QDs, tend to be degraded under light illumination.194,195 It will be 
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more efficient if the nanostructured frame can space-confine the low-dimensional perovskite 

and protect them at the same time. 

Nowadays, with more interest in high quality, simple, cheap and rapid fabrication 

processes, much attention has been focused on printing technology for mass production of 

microelectronic devices. Printing technique has been widely adopted on flexible electronics 

and rigid printed circuit boards, and the market size of printed electronics is expected to 

reach 13.6 billion by 2023 with an average annual growth rate of 15% during 2018 to 

2023.181,196-198 In this study, we introduced inkjet printing method to fabricate perovskite 

NWs on the nanoporous anodic aluminum oxide (AAO) substrate, which acts as the 

nanostructured frame to confine the perovskite growth in the NW shape (as shown in Fig. 

6.1). The printed perovskite NWs feature amplified photoluminescence due to the spatial 

confinement by AAO nanostructures and the NWs lasing was observed with a threshold 

pumping energy of 10 μW and a Q factor of 140. Additionally, by varying the composition of 

halogen cations (Cl-, Br-, and I-), the photoluminescence of perovskite NWs can be tuned 

from 439 to 760 nm, and the measured RGB CIE coordinates covers a larger color space than 

National Television Systems Committee (117 % of NTSC). Besides colorful AAO lighting 

boards, the AAO combined with perovskite NWs can also be easily ground into the powder 

shapes for phosphor applications. For the stability study, after PMMA sealing process, and 

together with the well passivation provided by compact spatial confinement of AAO, the 

printed perovskite NWs presents a high operation lifetime of 250 h (19 % degradation) and 

long-term stability more than 3 months (30% degradation), confirming the practicality of this 

nanoporous design. Furthermore, the use of printing fabrication allows the large-scale 

printing with flexible patterns and well arrangement of perovskite NWs, and also avoid 
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additional NWs transfer process. The strategy describes here provides a new way to 

mass-produce high-quality perovskite NWs for wide color gamut and large-scale lighting 

applications.    

 

 

 

Figure 6.1. Illustration for fabricating printed perovskite NWs. 

 

6.2 Results and Discussions 

Fig. 6.1 shows the fabrication process of perovskite NWs. First, the perovskite inks 

were prepared by dissolving the perovskite precursors in DMF solution with a molar 

concentration of 0.5 M. Then, the perovskite NWs can be simply made by inkjet printing 

perovskite inks on a nanoporous AAO substrate. During the printing process, a vacuum 

pumping was performed on the bottom side of the AAO substrate to guide the perovskite 

inks into the nanopores, which confine the perovskites growth in the NW shapes. Finally, the 
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sample was annealed at 90 °C on a hotplate for 2 hours to remove unwanted DMF solvent 

and strengthen the crystals qualities. This fabrication incorporating inkjet printing and 

nanopores confined NWs growth can enable excellent alignment and patterning for 

large-scale lighting applications. Because the drop size of our inkjet printer is around 60 µm, 

the printing resolution is limited to 60 µm. Fig. 6.2a demonstrates the printed perovskite 

NWs for photoluminescence emission with different pattern designs, illustrating the 

practicality of inkjet printing fabrication for flexible patterning, and is suitable for mass 

production of perovskite NWs lighting. 
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Figure 6.2. Morphology and optical properties of perovskite NWs. (a) Pictures of printed 

perovskite NWs with various patterns and shapes (scale bars: 5 mm) (b) Cross-section SEM 
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of perovskite NWs. (c) Cross-section PL mapping of printed AAO substrate. (d) EDS 

analysis along the white line of Fig. 6.2b. (e) XRD measurement of perovskite NWs. (f) The 

PL and UV-Vis absorption of perovskite NWs. (g) Time-resolved PL of perovskite NWs. 

  

In this work, except the study of color tunable lighting applications, CH3NH3PbBr3 

perovskite NW has been chosen as the main investigated target because of its stronger 

photoluminescence and brighter light emission than chloride and iodide counterparts. The top 

view SEM image as shown in Fig. 6.3a demonstrates the border between printed and 

unprinted region of AAO substrate and their surface morphologies, that clearly shows the 

CH3NH3PbBr3 perovskites covering the surface of printed AAO. Fig. 6.3b are the 

high-resolution top view SEM images, revealing the empty nanopores of unprinted AAO 

while the printed nanopores are filled with perovskite NWs. To verify the appearance of 

perovskite NWs in the AAO nanostructures, cross-sectional SEM characterizations were 

carried out as shown in Fig. 6.2b. The thickness of AAO substrate is 50 µm. Because the 

effective diffusion depth of perovskite inks is about 5–10 µm, most of perovskite NWs are 

distributed in the upper region of AAO substrate. The cross-sectional photoluminescence 

mapping in Fig. 6.2c reveals intense photoluminescence in the upper region with thickness 

around 5–10 µm that agreed with SEM measured distribution of perovskite NWs in the AAO 

nanopores. The high-resolution cross-sectional SEM image can also be found in Fig. 6.4, that 

shows clear appearance of perovskite NWs in the AAO nanostructures. The lengths of 

perovskite NWs varies from a few µm to 10 µm and the diameters are from dozens nm to 

200 nm. The compositions of perovskite NWs and AAO in the SEM were also confirmed by 

energy dispersive spectroscopy (EDS) line scan analysis as shown in Fig. 6.2d, in which the 
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perovskite NWs reveal peak EDS signals of Pb and AAO have strong EDS signals of Al 

element (the EDS spectrum is shown in Fig. 6.5). The CH3NH3PbBr3 NWs were then 

characterized by XRD, ultraviolet-visible (UV-Vis) and photoluminescence spectroscopies. 

The XRD spectrum in Fig. 6.2e shows sharp and strong peaks that agreed with the reported 

CH3NH3PbBr3 result,149 illustrating the high purity of the NWs. Furthermore, the UV-Vis 

optical absorption spectrum is shown in Fig. 6.2f, which reveals a band edge cut-off that 

corresponded to the photoluminescence obtained peak wavelength of 536 nm (energy equal 

to bandgap of 2.31 eV). Fig. 6.2g demonstrates the time-resolved photoluminescence decay 

of CH3NH3PbBr3 NWs with a short carrier lifetime (τ1) of 4.4 ns and a long carrier lifetimes 

(τ2) of 95.2 ns according to the fitting curve using equation 

     1 1 2 2I t  = C exp t /   C expτ τt /   . Due to the one-dimensional confinement of NW, 

the obtained carrier lifetimes are shorter than reported bulk CH3NH3PbBr3 crystal,126 which 

implies higher possibility of carrier recombination and is favorable for lighting applications. 
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Figure 6.3. SEM measurements to examine the surface morphology of printed AAO 

substrate. (a) Surface profiles of printed and unprinted surfaces. (b) High-resolution profiles 

of printed and unprinted surfaces. 

 

 

Figure 6.4. Cross-section SEM that shows the dimensions of perovskite NWs. 

 

 

Figure 6.5. EDS spectrum of our sample in SEM measurement. 
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Lasing behaviors of the CH3NH3PbBr3 NWs combined with AAO nanostructures were 

examined at temperature of 8.26 K. The 400 nm femtosecond-pulsed laser was used to 

optically pump the sample with 100 fs pulsed width, 1 kHz repetition rate, and 0.5 s dwell 

time. Fig. 6.6a illustrates the photoluminescence emission spectra of CH3NH3PbBr3 NWs at 

different optical pump powers. When the NWs is pumped with low excitation power of 1 

µW, below the lasing threshold, a broad spontaneous emission spectrum can be seen with a 

full width at half maximum (FWHM) of 12.5 nm. As the pump power increased above the 

lasing threshold, for example, at 140 µW, a sharp peak emission emerges with a narrow 

FWHM of 4 nm, verifying the occurrence of lasing. Fig. 6.6b shows the integrated emission 

intensity and FWHM as a function of the pump power, which follows the typical S-shape 

lasing curve with a threshold of 10 µW. The S-curve indicates the integrated emission 

transits from spontaneous emission to amplified spontaneous emission at the threshold, and 

finally to the stimulated lasing as the excitation power increases.186 At the same time, the 

FWHM plot shows a sudden drop at 10 µW threshold and becomes a constant in the 

stimulated lasing mode. The Q factor (defined as λ/FWHM) of this CH3NH3PbBr3 NWs 

lasing is around 140. Because the used commercial AAO substrate features inhomogeneous 

diameters of nanopores as shown in the SEM images in Fig. 6.3b, the dimensions of printed 

perovskite NWs are varied. As a result, the lasing spectrum obtained from several perovskite 

NWs reveals a relative wide FWHM, leading to a low lasing Q factor. Therefore, we expect 

the Q factor of perovskite NWs laser can be further improved by using the AAO with 

uniform nanopores sizes. 
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Figure 6.6. Lasing properties. (a) PL spectra of the NWs at different pump powers. (b) The 

pump-power dependence of PL intensity and FWHM for the NWs. 

 

  

Figure 6.7. The PL result of AAO and flat Al2O3 samples. (a) The pictures of AAO and 

Al2O3 samples as the UV light turned on and off. (b) High-resolution optical images of AAO 

and Al2O3 samples. (c) The PL spectra of AAO and Al2O3 samples. 
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An important advantage of our AAO structural design is that the photoluminescence of 

perovskite can be significantly amplified by the nanoporous confinement. Here, two control 

experiments are presented in Fig. 6.7: (i) printing the perovskite inks on nanoporous AAO 

and (ii) printing the perovskite inks on flat Al2O3 substrate, which possesses same 

composition with AAO but without the porous nanostructures. For the case using AAO 

substrate, the strong photoluminescence was observed with emission intensity an order lager 

than the sample on flat Al2O3 substrate, demonstrating the superiority of the nanoporous 

design. This result can be attributed to the better NW crystal growth on the AAO and the 

nanoporous spatial confinement, which increases the carrier recombination and leads to the 

significantly amplified photoluminescence emission. 
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Figure 6.8. PL properties of perovskite NWs with different composition of cations. (a) PL 

spectra of perovskite NWs with different composition of cations. (b) The pictures of 

perovskite NWs different composition of cations under the UV light (scale bars: 3 mm). (c) 

CIE coordinates of perovskite NWs with 100 % Cl-, Br- and I-. (d) Pictures of perovskite 

NWs powders as the UV light turned on and off. 

 

Due to the intense photoluminescence emission, another suitable application for 

proposed perovskite NWs design is the phosphors. To meet the demand of colorful 

phosphors, the photoluminescence properties are tuned by varying the anion element 

composition of perovskite NWs. The CH3NH3PbBr3 NWs emit bright green light with 

wavelength of 536 nm under the UV illumination. When Cl- ions were added into the 
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perovskite inks, the printed CH3NH3Pb(Cl1-xBrx)3 NWs demonstrated blue-shift 

photoluminescence as the composition of Cl- was increased. In contrast, the red-shift 

photoluminescence was observed when the I- ions were introduced. Fig. 6.8a shows the 

composition-dependent photoluminescence spectra of CH3NH3PbX3 NWs with tuned peak 

wavelengths from 439 nm to 736 nm. The corresponding optical images of CH3NH3PbX3 

NWs can be seen in Fig. 6.8b, that displays 8 different colors of emissions under UV 

illumination.  

RGB perovskite NWs are the most vital applications for wide color gamut phosphors. 

The CIE coordinates of red (0.67, 0.31), green (0.14, 0.76), and blue (0.16, 0.04) perovskite 

NWs measured by GL-spectis spectrometer are shown in Fig. 6.8c. To further analysis the 

RGB colors, NTSC was introduced, which is a key parameter to determine the color space of 

the phosphors. The calculated RGB color gamut area is approximately 117% NTSC using the 

equation x y y x x y x y x y x yNTSC (%) = (R G + R B + G B R B G R B G )  0.3164    . The large 

NTSC value demonstrated here confirms the ability of printed NWs for wide color gamut 

application. Because of the nanoporous structure, the AAO substrate is brittle and easily to be 

ground into the powder shapes. Fig. 6.8d are the photos of perovskite NWs powders under 

ambient light and UV illumination. These perovskite NWs phosphor powders are convenient 

to be coated on different shapes and curvilinear surfaces, thus enabling extensive phosphor 

lighting applications. 
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Figure 6.9. Stability measurements. (a) Photostability test of the perovskite samples under 

continuous UV light condition. (b) Long-term stability test of the perovskite samples when 

storing them in the atmosphere. 

 

    Stability study is especially important for moisture sensitive perovskites. Herein, the 

stability test was performed with 2 different samples: (i) AAO confined perovskite NWs and 

(ii) AAO confined perovskite NWs with PMMA sealing. Fig. 6.9a is the operation durability 

test, where the peak photoluminescence intensities of the samples were measured under 

continuous UV irradiation with periods up to 250 h. One can see that the perovskite NWs in 

AAO feature much lower deterioration than the reported all-inorganic perovskite QDs (only 

work for 4-days long),193 demonstrating the remarkable stability of AAO nanoporous 

confinement design. Moreover, the operation durability can be further improved using the 

PMMA sealing, in which the printed perovskite NWs present only 19 % deterioration after 

250 h continuous UV irradiation. Similar results were observed in the long-term stability test 

when the samples were stored in the air with a 50 % average humidity (Fig. 6.9b). The peak 
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photoluminescence intensity of perovskite NWs in AAO deteriorates to 30 % after 80 days, 

whereas PMMA sealed perovskite NWs shows 70% intensity after 100 days. This high 

stability of perovskite NWs can be attributed to the strong nanoporous confinement of AAO. 

The compact spatial confinement by steady and inert AAO can be the natural barrier against 

the moisture and oxygen in the air. Moreover, previous research has reported that hydrated 

perovskite phases CH3NH3PbX3•H2O and (CH3NH3)4PbX6•2H2O can be formed in the initial 

degradation step.130 These phase transitions involve the expansion of perovskite crystal 

which are allowed for a free perovskite NW.178,199 However, for NWs in the AAO nanopores, 

the expansion is prohibited owing to the spatial confinement, which results in the suppression 

of perovskite phase transitions and improving the stability. Besides the nanoporous 

confinement, because the long-chain PMMA possesses low polarity and orthogonal to the 

perovskites,139 the use of PMMA sealing can further enhance the passivation to the moisture. 

With high operation durability and long-term stability, the reported perovskite NWs using 

ink-jet printing and AAO confinement are ideal candidate for next-generation wide color 

gamut lighting applications. 

 

6.3 Conclusions 

    In summary, we have fabricated perovskite NWs using inkjet printing and AAO 

confinement strategy. The perovskite NWs lasing was characterized with a lasing threshold 

of 10 μW optical pumping and a Q factor of 140. Due to the one-dimensional confinement, 

the photoluminescence was greatly amplified, and the wide-gamut emissions from 439 to 760 

nm wavelengths were also achieved by varying the composition of Cl-, Br-, and I- cations 
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with a large RGB color space of 117% NTSC. Additionally, the perovskite NWs phosphor 

powders were demonstrated, which have high adaptability to different surfaces and purposes, 

thus enabling extensive wide color gamut phosphor applications. The AAO nanoporous 

confinement can suppress the perovskite phase transitions by restricting the expansion during 

the phase changes, and together with the PMMA sealing against the moisture, high stability 

was achieved with long photoluminescence operation lifetime of 250 h (19 % degradation) 

and remarkable long-term stability of 100 days (30 % degradation). The proposed printing 

fabrication can realize flexible patterning, excellent alignment, and large-area printing of 

perovskite NWs, which is promising for future multifunctional lighting applications. 
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CHAPTER 7: CONCLUSION AND OUTLOOK 

7.1 Conclusions 

    In conclusions, we have proposed a modified EBL approach using orthogonal solvents: 

hexane and CB to fabricate hybrid perovskite-based electronic devices without 

compromising their electronic and optical characteristics. As a proof-of-concept, 2D layered 

(C6H5C2H4NH3)2PbI4 perovskite single-crystal photodetectors with submicron scale 

patterned Au electrodes were fabricated by proposed orthogonal EBL method, and the 

detectors demonstrated excellent photosensing capability. We believe such orthogonal 

processing and patterning method can fully activate high-resolution, high-throughput 

fabrication of perovskite electronic devices. 

We also investigated the metal contact and surface transport properties of bulk single 

crystalline CH3NH3PbBr3 perovskite. Our results show this material features Schottky 

barriers of 0.17 eV, 0.38 eV, and 0.47 eV for Au, Pt, and Ti electrodes, respectively. The 

image force effect and surface pinning were observed at perovskite/metal junction interface. 

Furthermore, the perovskite surface transport features thermally activated transport from 207 

K to 300 K with activation energy ~0.2 eV due to the carriers-surface states scattering. In 

contrast, from 120 K to 207 K, the material exhibited variable range hopping carrier transport 

behavior, which we also verified by measuring the sample’s Mott parameters. Understanding 

these kinds of fundamental properties of single crystalline perovskite will help enable future 

optoelectronic applications. 

The perovskite NWs was fabricated in the nanopores of AAO substrate using inkjet 

printing method for light emission applications. Compare to the sample on a flat Al2O3 
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substrate using the same fabrication process, perovskite NWs on the AAO substrate feature 

much stronger PL emission. The perovskite NWs lasing was characterized with a lasing 

threshold of 10 μW optical pumping and a Q factor of 140. By changing the halogen 

composition of perovskite NWs, color-tunable light emission was demonstrated in a wide 

visible wavelength region from 440 nm to 760 nm with a large RGB color space of 117% 

NTSC. Furthermore, the robust AAO nano-frame provides excellent protection of perovskite 

NWs, which are still stable after 250-hours continuous UV light illumination. The strategy 

describes here significantly improves the stability of perovskite, which may pave the way for 

highly stable and efficient light emission applications.  

 

7.2 Outlook for the Future Work 

In the past, due to the lack of perovskite patterning skills, most researches on perovskite 

are focused on solar applications using layer-by-layer fabrication methods.128 The developing 

of other kinds perovskite electronics is still in infancy stage. With orthogonal perovskite 

patterning techniques, we believe more studied on perovskite electronics with various 

patterned structures will be performed in the near future. However, although we have 

proposed the orthogonal EBL method, the resolution of fabricated patterns are around few 

hundred nanometers, which still can be further improved. More efforts are needed to 

optimize the EBL parameters to achieve smaller patterns. For perovskite light emission 

application, we have proposed the AAO confinement method to improve the photostability of 

perovskite NWs greatly. However, the use of AAO will increase the difficulties to fabricate 

LED devices. To enable extensive light emission applications, more flexible nanostructured 

frame should be studied for perovskite lighting with high stability.  



 

105 

 

 

 

REFERENCES 

1 Stranks, S. D. & Snaith, H. J. Metal-halide perovskites for photovoltaic and 

light-emitting devices. Nature Nanotech. 10, 391–402 (2015). 

2 Jeon, N. J. et al. Compositional engineering of perovskite materials for 

high-performance solar cells. Nature 517, 476–480 (2015). 

3 Kim, H. S. et al. Lead iodide perovskite sensitized all solid state submicron thin film 

mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep. 2, 591 (2012). 

4 Chen, S. & Shi, G. Two-dimensional materials for halide perovskite-based 

optoelectronic devices. Adv. Mater. (2017, DOI: 10.1002/adma.201605448.). 

5 Wei, T. C. et al. Nonlinear Absorption Applications of CH3NH3PbBr3 Perovskite 

Crystals. Adv Funct Mater 28, doi:ARTN 170717510.1002/adfm.201707175 (2018). 

6 Li, F. et al. Ambipolar solution-processed hybrid perovskite phototransistors. Nat. 

Commun. 6, 8238 (2015). 

7 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). 

8 Fang, Y., Dong, Q., Shao, Y., Yuan, Y. & Huang, J. Highly narrowband perovskite 

single-crystal photodetectors enabled by surface-charge recombination. Nat. Photon. 

9, 679–686 (2015). 

9 Tan, Z. K. et al. Bright light-emitting diodes based on organometal halide perovskite. 

Nature Nanotech. 9, 687–692 (2014). 

10 Xing, G. et al. Low-temperature solution-processed wavelength-tunable perovskites 

for lasing. Nat. Mater. 13, 476–480 (2014). 



 

106 

 

 

 

11 Dou, L. et al. Atomically thin two-dimensional organic-inorganic hybrid perovskites. 

Science 349, 1518–1521 (2015). 

12 Blancon, J.-C. et al. Extremely efficient internal exciton dissociation through edge 

states in layered 2D perovskites. Science (2017, DOI: 10.1126/science.aal4211). 

13 Liu, Y., Xiao, H. & GoddardI, W. A. Two-dimensional halide perovskites: tuning 

electronic activities of defects. Nano Lett. 16, 3335–3340 (2016). 

14 Cheng, B. et al. Extremely reduced dielectric confinement in two-dimensional hybrid 

perovskites with large polar organics. Communications Physics 1, 80, 

doi:10.1038/s42005-42018-40082-42008 (2018). 

15 Noel, N. K. et al. Enhanced Photoluminescence and Solar Cell Performance via 

Lewis Base Passivation of Organic Inorganic Lead Halide Perovskites. Acs Nano 8, 

9815-9821, doi:10.1021/nn5036476 (2014). 

16 Eames, C. et al. Ionic transport in hybrid lead iodide perovskite solar cells. Nat 

Commun 6, doi:ARTN 749710.1038/ncomms8497 (2015). 

17 Zhao, Y. et al. Anomalously large interface charge in polarity-switchable 

photovoltaic devices: an indication of mobile ions in organic-inorganic halide 

perovskites. Energ Environ Sci 8, 1256-1260, doi:10.1039/c4ee04064c (2015). 

18 Azpiroz, J. M., Mosconi, E., Bisquert, J. & De Angelis, F. Defect migration in 

methylammonium lead iodide and its role in perovskite solar cell operation. Energ 

Environ Sci 8, 2118-2127, doi:10.1039/c5ee01265a (2015). 

19 Cheng, H. C. et al. van der Waals Heterojunction Devices Based on Organohalide 

Perovskites and Two-Dimensional Materials. Nano Lett 16, 367-373, 

doi:10.1021/acs.nanolett.5b03944 (2016). 



 

107 

 

 

 

20 Lyashenko, D., Perez, A. & Zakhidov, A. High-resolution patterning of organohalide 

lead perovskite pixels for photodetectors using orthogonal photolithography. Phys 

Status Solidi A 214, doi:ARTN 160030210.1002/pssa.201600302 (2017). 

21 Berhe, T. A. et al. Organometal halide perovskite solar cells: degradation and 

stability. Energ Environ Sci 9, 323-356, doi:10.1039/c5ee02733k (2016). 

22 Park, N. G. Organometal Perovskite Light Absorbers Toward a 20% Efficiency 

Low-Cost Solid-State Mesoscopic Solar Cell. J Phys Chem Lett 4, 2423-2429, 

doi:10.1021/jz400892a (2013). 

23 McGehee, M. D. MATERIALS SCIENCE Fast-track solar cells. Nature 501, 

323-325 (2013). 

24 Zhou, H. P. et al. Interface engineering of highly efficient perovskite solar cells. 

Science 345, 542-546, doi:10.1126/science.1254050 (2014). 

25 Malinkiewicz, O. et al. Perovskite solar cells employing organic charge-transport 

layers. Nat Photonics 8, 128-132, doi:10.1038/Nphoton.2013.141 (2014). 

26 Heo, J. H. et al. Efficient inorganic-organic hybrid heterojunction solar cells 

containing perovskite compound and polymeric hole conductors. Nat Photonics 7, 

487-492, doi:10.1038/Nphoton.2013.80 (2013). 

27 Burschka, J. et al. Tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(III) as p-Type Dopant for 

Organic Semiconductors and Its Application in Highly Efficient Solid-State 

Dye-Sensitized Solar Cells. J Am Chem Soc 133, 18042-18045, 

doi:10.1021/ja207367t (2011). 

28 Cai, N. et al. An Organic D-pi-A Dye for Record Efficiency Solid-State Sensitized 

Heterojunction Solar Cells. Nano Lett 11, 1452-1456, doi:10.1021/nl104034e (2011). 



 

108 

 

 

 

29 Hossain, M. I., Alharbi, F. H. & Tabet, N. Copper oxide as inorganic hole transport 

material for lead halide perovskite based solar cells. Sol Energy 120, 370-380, 

doi:10.1016/j.solener.2015.07.040 (2015). 

30 Saliba, M. et al. Incorporation of rubidium cations into perovskite solar cells 

improves photovoltaic performance. Science 354, 206-209, 

doi:10.1126/science.aah5557 (2016). 

31 Burschka, J. et al. Sequential deposition as a route to high-performance 

perovskite-sensitized solar cells. Nature 499, 316-+, doi:10.1038/nature12340 (2013). 

32 Im, J. H., Jang, I. H., Pellet, N., Gratzel, M. & Park, N. G. Growth of CH3NH3PbI3 

cuboids with controlled size for high-efficiency perovskite solar cells. Nat 

Nanotechnol 9, 927-932, doi:10.1038/Nnano.2014.181 (2014). 

33 Ahn, N. et al. Highly Reproducible Perovskite Solar Cells with Average Efficiency of 

18.3% and Best Efficiency of 19.7% Fabricated via Lewis Base Adduct of Lead(II) 

Iodide. J Am Chem Soc 137, 8696-8699, doi:10.1021/jacs.5b04930 (2015). 

34 Li, X. et al. A vacuum flash-assisted solution process for high-efficiency large-area 

perovskite solar cells. Science 353, 58-62, doi:10.1126/science.aaf8060 (2016). 

35 Ke, W. J. et al. Low-Temperature Solution-Processed Tin Oxide as an Alternative 

Electron Transporting Layer for Efficient Perovskite Solar Cells. J Am Chem Soc 137, 

6730-6733, doi:10.1021/jacs.5b01994 (2015). 

36 Baena, J. P. C. et al. Highly efficient planar perovskite solar cells through band 

alignment engineering. Energ Environ Sci 8, 2928-2934, doi:10.1039/c5ee02608c 

(2015). 



 

109 

 

 

 

37 Wojciechowski, K., Saliba, M., Leijtens, T., Abate, A. & Snaith, H. J. Sub-150 

degrees C processed meso-superstructured perovskite solar cells with enhanced 

efficiency. Energ Environ Sci 7, 1142-1147, doi:10.1039/c3ee43707h (2014). 

38 Choulis, S. A. et al. High ambipolar and balanced carrier mobility in regioregular 

poly(3-hexylthiophene). Appl Phys Lett 85, 3890-3892, doi:10.1063/1.1805175 

(2004). 

39 Nia, N. Y., Matteocci, F., Cina, L. & Di Carlo, A. High-Efficiency Perovskite Solar 

Cell Based on Poly(3-Hexylthiophene): Influence of Molecular Weight and 

Mesoscopic Scaffold Layer. Chemsuschem 10, 3854-3860, 

doi:10.1002/cssc.201700635 (2017). 

40 Xiao, J. Y. et al. Efficient CH3NH3PbI3 Perovskite Solar Cells Based on Graphdiyne 

(GD)-Modified P3HT Hole-Transporting Material. Adv Energy Mater 5, doi:ARTN 

140194310.1002/aenm.201401943 (2015). 

41 Habisreutinger, S. N. et al. Carbon Nanotube/Polymer Composites as a Highly Stable 

Hole Collection Layer in Perovskite Solar Cells. Nano Lett 14, 5561-5568, 

doi:10.1021/nl501982b (2014). 

42 Mali, S. S., Shim, C. S. & Hong, C. K. Highly stable and efficient solid-state solar 

cells based on methylammonium lead bromide (CH3NH3PbBr3) perovskite quantum 

dots. Npg Asia Mater 7, doi:ARTN e20810.1038/am.2015.86 (2015). 

43 Yang, W. S. et al. Iodide management in formamidinium-lead-halide-based 

perovskite layers for efficient solar cells. Science 356, 1376-+, 

doi:10.1126/science.aan2301 (2017). 



 

110 

 

 

 

44 Bi, C. et al. Non-wetting surface-driven high-aspect-ratio crystalline grain growth for 

efficient hybrid perovskite solar cells. Nat Commun 6, doi:ARTN 

774710.1038/ncomms8747 (2015). 

45 Isakova, A. & Topham, P. D. Polymer Strategies in Perovskite Solar Cells. J Polym 

Sci Pol Phys 55, 549-568, doi:10.1002/polb.24301 (2017). 

46 Xie, C., You, P., Liu, Z. K., Li, L. & Yan, F. Ultrasensitive broadband 

phototransistors based on perovskite/organic-semiconductor vertical heterojunctions. 

Light-Sci Appl 6, doi:ARTN e1702310.1038/lsa.2017.23 (2017). 

47 Sin, D. H. et al. Decoupling Charge Transfer and Transport at Polymeric Hole 

Transport Layer in Perovskite Solar Cells. Acs Appl Mater Inter 8, 6546-6553, 

doi:10.1021/acsami.5b12023 (2016). 

48 Chen, C. W. et al. Efficient and Uniform Planar-Type Perovskite Solar Cells by 

Simple Sequential Vacuum Deposition. Adv Mater 26, 6647-6652, 

doi:10.1002/adma.201402461 (2014). 

49 Xiao, Z. G. et al. Efficient, high yield perovskite photovoltaic devices grown by 

interdiffusion of solution-processed precursor stacking layers. Energ Environ Sci 7, 

2619-2623, doi:10.1039/c4ee01138d (2014). 

50 Chiang, C. H., Tseng, Z. L. & Wu, C. G. Planar heterojunction perovskite/PC71BM 

solar cells with enhanced open-circuit voltage via a (2/1)-step spin-coating process. J 

Mater Chem A 2, 15897-15903, doi:10.1039/c4ta03674c (2014). 

51 You, J. B. et al. Moisture assisted perovskite film growth for high performance solar 

cells. Appl Phys Lett 105, doi:Artn 18390210.1063/1.4901510 (2014). 



 

111 

 

 

 

52 Nie, W. Y. et al. High-efficiency solution-processed perovskite solar cells with 

millimeter-scale grains. Science 347, 522-525, doi:10.1126/science.aaa0472 (2015). 

53 Heo, J. H., Han, H. J., Kim, D., Ahn, T. K. & Im, S. H. Hysteresis-less inverted 

CH3NH3PbI3 planar perovskite hybrid solar cells with 18.1% power conversion 

efficiency. Energ Environ Sci 8, 1602-1608, doi:10.1039/c5ee00120j (2015). 

54 Herrbach, J., Revaux, A., Vuillaume, D. & Kahn, A. P-doped organic semiconductor: 

Potential replacement for PEDOT:PSS in organic photodetectors. Appl Phys Lett 109, 

doi:Artn 07330110.1063/1.4961444 (2016). 

55 Niu, G. D., Guo, X. D. & Wang, L. D. Review of recent progress in chemical stability 

of perovskite solar cells. J Mater Chem A 3, 8970-8980, doi:10.1039/c4ta04994b 

(2015). 

56 Majewski, L. A., Kingsley, J. W., Balocco, C. & Song, A. M. Influence of processing 

conditions on the stability of poly(3-hexylthiophene)-based field-effect transistors. 

Appl Phys Lett 88, doi:Artn 22210810.1063/1.2208938 (2006). 

57 Gharibzadeh, S. et al. Two-Step Physical Deposition of a Compact CuI 

Hole-Transport Layer and the Formation of an Interfacial Species in Perovskite Solar 

Cells. Chemsuschem 9, 1929-1937, doi:10.1002/cssc.201600132 (2016). 

58 Chatterjee, S. & Pal, A. J. Introducing Cu2O Thin Films as a Hole-Transport Layer in 

Efficient Planar Perovskite Solar Cell Structures. J Phys Chem C 120, 1428-1437, 

doi:10.1021/acs.jpcc.5b11540 (2016). 

59 Sugiyama, M., Nakai, H., Sugimoto, G., Yamada, A. & Chichibu, S. F. Electrical 

properties of undoped and Li-doped NiO thin films deposited by RF sputtering 



 

112 

 

 

 

without intentional heating. Jpn J Appl Phys 55, doi:Artn 

08800310.7567/Jjap.55.088003 (2016). 

60 Wijeyasinghe, N. et al. Copper(I) Thiocyanate (CuSCN) Hole-Transport Layers 

Processed from Aqueous Precursor Solutions and Their Application in Thin-Film 

Transistors and Highly Efficient Organic and Organometal Halide Perovskite Solar 

Cells. Adv Funct Mater 27, doi:ARTN 170181810.1002/adfm.201701818 (2017). 

61 Subbiah, A. S. et al. Inorganic Hole Conducting Layers for Perovskite-Based Solar 

Cells. J Phys Chem Lett 5, 1748-1753, doi:10.1021/jz500645n (2014). 

62 Yun, J. et al. Highly efficient perovskite solar cells incorporating NiO nanotubes: 

increased grain size and enhanced charge extraction. J Mater Chem A 5, 

21750-21756, doi:10.1039/c7ta05560a (2017). 

63 Park, J. H. et al. Efficient CH3NH3PbI3 Perovskite Solar Cells Employing 

Nanostructured p-Type NiO Electrode Formed by a Pulsed Laser Deposition. Adv 

Mater 27, 4013-4019, doi:10.1002/adma.201500523 (2015). 

64 You, J. B. et al. Improved air stability of perovskite solar cells via solution-processed 

metal oxide transport layers. Nat Nanotechnol 11, 75-+, doi:10.1038/Nnano.2015.230 

(2016). 

65 Xu, X. B. et al. Hole Selective NiO Contact for Efficient Perovskite Solar Cells with 

Carbon Electrode. Nano Lett 15, 2402-2408, doi:10.1021/nl504701y (2015). 

66 Yu, W. L. et al. Ultrathin Cu2O as an efficient inorganic hole transporting material 

for perovskite solar cells. Nanoscale 8, 6173-6179, doi:10.1039/c5nr07758c (2016). 



 

113 

 

 

 

67 Zuo, C. T. & Ding, L. M. Solution-Processed Cu2O and CuO as Hole Transport 

Materials for Efficient Perovskite Solar Cells. Small 11, 5528-5532, 

doi:10.1002/smll.201501330 (2015). 

68 Sun, W. H. et al. High-performance inverted planar heterojunction perovskite solar 

cells based on a solution-processed CuOx, hole transport layer. Nanoscale 8, 

10806-10813, doi:10.1039/c6nr01927g (2016). 

69 Perera, V. P. S. & Tennakone, K. Recombination processes in dye-sensitized 

solid-state solar cells with CuI as the hole collector. Sol Energ Mat Sol C 79, 

249-255, doi:10.1016/S0927-0248(03)00103-X (2003). 

70 Ye, S. Y. et al. A Breakthrough Efficiency of 19.9% Obtained in Inverted Perovskite 

Solar Cells by Using an Efficient Trap State Passivator Cu(thiourea)I. J Am Chem Soc 

139, 7504-7512, doi:10.1021/jacs.7b01439 (2017). 

71 Christians, J. A., Fung, R. C. M. & Kamat, P. V. An Inorganic Hole Conductor for 

Organo-Lead Halide Perovskite Solar Cells. Improved Hole Conductivity with 

Copper Iodide. J Am Chem Soc 136, 758-764, doi:10.1021/ja411014k (2014). 

72 Chen, W. Y. et al. Low-cost solution-processed copper iodide as an alternative to 

PEDOT:PSS hole transport layer for efficient and stable inverted planar 

heterojunction perovskite solar cells. J Mater Chem A 3, 19353-19359, 

doi:10.1039/c5ta05286f (2015). 

73 Ye, S. Y. et al. CuSCN-Based Inverted Planar Perovskite Solar Cell with an Average 

PCE of 15.6%. Nano Lett 15, 3723-3728, doi:10.1021/acs.nanolett.5b00116 (2015). 



 

114 

 

 

 

74 Arora, N. et al. Perovskite solar cells with CuSCN hole extraction layers yield 

stabilized efficiencies greater than 20%. Science 358, 768-771, 

doi:10.1126/science.aam5655 (2017). 

75 Venugopal, G., Krishnamoorthy, K., Mohan, R. & Kim, S. J. An investigation of the 

electrical transport properties of graphene-oxide thin films. Mater Chem Phys 132, 

29-33, doi:10.1016/j.matchemphys.2011.10.040 (2012). 

76 Balandin, A. A. et al. Superior thermal conductivity of single-layer graphene. Nano 

Lett 8, 902-907, doi:10.1021/nl0731872 (2008). 

77 Seol, J. H. et al. Two-Dimensional Phonon Transport in Supported Graphene. Science 

328, 213-216, doi:10.1126/science.1184014 (2010). 

78 Li, W. Z. et al. Graphene oxide as dual functional interface modifier for improving 

wettability and retarding recombination in hybrid perovskite solar cells. J Mater 

Chem A 2, 20105-20111, doi:10.1039/c4ta05196c (2014). 

79 Yang, Q. D. et al. Graphene oxide as an efficient hole-transporting material for 

high-performance perovskite solar cells with enhanced stability. J Mater Chem A 5, 

9852-9858, doi:10.1039/c7ta01752a (2017). 

80 Wu, Z. W. et al. Efficient planar heterojunction perovskite solar cells employing 

graphene oxide as hole conductor. Nanoscale 6, 10505-10510, 

doi:10.1039/c4nr03181d (2014). 

81 Dette, C. et al. TiO2 Anatase with a Bandgap in the Visible Region. Nano Lett 14, 

6533-6538, doi:10.1021/nl503131s (2014). 

82 Tiwana, P., Docampo, P., Johnston, M. B., Snaith, H. J. & Herz, L. M. Electron 

Mobility and Injection Dynamics in Mesoporous ZnO, SnO2, and TiO2 Films Used 



 

115 

 

 

 

in Dye-Sensitized Solar Cells. Acs Nano 5, 5158-5166, doi:10.1021/nn201243y 

(2011). 

83 Gu, X. L. et al. Enhanced electronic transport in Fe3+-doped TiO2 for high efficiency 

perovskite solar cells. J Mater Chem C 5, 10754-10760, doi:10.1039/c7tc03845c 

(2017). 

84 Wu, M. C., Chan, S. H., Jao, M. H. & Su, W. F. Enhanced short-circuit current 

density of perovskite solar cells using Zn-doped TiO2 as electron transport layer. Sol 

Energ Mat Sol C 157, 447-453, doi:10.1016/j.solmat.2016.07.003 (2016). 

85 Cai, Q. B. et al. Enhancing efficiency of planar structure perovskite solar cells using 

Sn-doped TiO2 as electron transport layer at low temperature. Electrochim Acta 261, 

227-235, doi:10.1016/j.electacta.2017.12.108 (2018). 

86 Saliba, M. et al. Cesium-containing triple cation perovskite solar cells: improved 

stability, reproducibility and high efficiency. Energ Environ Sci 9, 1989-1997, 

doi:10.1039/c5ee03874j (2016). 

87 Ito, S., Tanaka, S., Manabe, K. & Nishino, H. Effects of Surface Blocking Layer of 

Sb2S3 on Nanocrystalline TiO2 for CH3NH3PbI3 Perovskite Solar Cells. J Phys 

Chem C 118, 16995-17000, doi:10.1021/jp500449z (2014). 

88 Li, W. Z. et al. Enhanced UV-light stability of planar heterojunction perovskite solar 

cells with caesium bromide interface modification. Energ Environ Sci 9, 490-498, 

doi:10.1039/c5ee03522h (2016). 

89 Cao, J. et al. Efficient, Hysteresis-Free, and Stable Perovskite Solar Cells with ZnO 

as Electron-Transport Layer: Effect of Surface Passivation. Adv Mater, DOI: 

10.1002/adma.201705596 (2018). 



 

116 

 

 

 

90 Liu, D. Y. & Kelly, T. L. Perovskite solar cells with a planar heterojunction structure 

prepared using room-temperature solution processing techniques. Nat Photonics 8, 

133-138, doi:10.1038/nphoton.2013.342 (2014). 

91 Dong, X., Hu, H. W., Lin, B. C., Ding, J. N. & Yuan, N. Y. The effect of ALD-Zno 

layers on the formation of CH3NH3PbI3 with different perovskite precursors and 

sintering temperatures. Chem Commun 50, 14405-14408, doi:10.1039/c4cc04685d 

(2014). 

92 Jiang, Q. et al. Enhanced electron extraction using SnO2 for high-efficiency 

planar-structure HC(NH2)(2)PbI3-based perovskite solar cells. Nat Energy 2, 1-7, 

doi:Artn 1617710.1038/Nenergy.2016.177 (2017). 

93 Song, J. X. et al. Low-temperature SnO2-based electron selective contact for efficient 

and stable perovskite solar cells. J Mater Chem A 3, 10837-10844, 

doi:10.1039/c5ta01207d (2015). 

94 Dong, Q. S. et al. Insight into Perovskite Solar Cells Based on SnO2 Compact 

Electron-Selective Layer. J Phys Chem C 119, 10212-10217, 

doi:10.1021/acs.jpcc.5b00541 (2015). 

95 Li, Y. et al. Mesoporous SnO2 nanoparticle films as electron-transporting material in 

perovskite solar cells. Rsc Adv 5, 28424-28429, doi:10.1039/c5ra01540e (2015). 

96 Bush, K. A. et al. 23.6%-efficient monolithic perovskite/silicon tandem solar cells 

with improved stability. Nat Energy 2, doi:ARTN 1700910.1038/nenergy.2017.9 

(2017). 

97 Gunes, S., Neugebauer, H. & Sariciftci, N. S. Conjugated polymer-based organic 

solar cells. Chem Rev 107, 1324-1338, doi:10.1021/cr050149z (2007). 



 

117 

 

 

 

98 Lin, C. H., Fu, H. C., Lien, D. H., Hsu, C. Y. & He, J. H. Self-powered nanodevices 

for fast UV detection and energy harvesting using core-shell nanowire geometry. 

Nano Energy 51, 294-299, doi:10.1016/j.nanoen.2018.06.065 (2018). 

99 Guerrero, A. et al. Interfacial Degradation of Planar Lead Halide Perovskite Solar 

Cells. Acs Nano 10, 218-224, doi:10.1021/acsnano.5b03687 (2016). 

100 Kato, Y. et al. Silver Iodide Formation in Methyl Ammonium Lead Iodide Perovskite 

Solar Cells with Silver Top Electrodes. Adv Mater Interfaces 2, doi:ARTN 

150019510.1002/admi.201500195 (2015). 

101 Yang, T. Y., Gregori, G., Pellet, N., Gratzel, M. & Maier, J. The Significance of Ion 

Conduction in a Hybrid Organic-Inorganic Lead-Iodide-Based Perovskite 

Photosensitizer. Angew Chem Int Edit 54, 7905-7910, doi:10.1002/anie.201500014 

(2015). 

102 Liu, M. Z., Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction perovskite 

solar cells by vapour deposition. Nature 501, 395-+, doi:10.1038/nature12509 (2013). 

103 Besleaga, C. et al. Iodine Migration and Degradation of Perovskite Solar Cells 

Enhanced by Metallic Electrodes. J Phys Chem Lett 7, 5168-5175, 

doi:10.1021/acs.jpclett.6b02375 (2016). 

104 Zhang, T. et al. Profiling the organic cation-dependent degradation of organolead 

halide perovskite solar cells. J Mater Chem A 5, 1103-1111, doi:10.1039/c6ta09687e 

(2017). 

105 Jiang, Z. Y. et al. Amazing stable open-circuit voltage in perovskite solar cells using 

AgAl alloy electrode. Sol Energ Mat Sol C 146, 35-43, 

doi:10.1016/j.solmat.2015.11.026 (2016). 



 

118 

 

 

 

106 Jiang, Q. L., Sheng, X., Shi, B., Feng, X. J. & Xu, T. Nickel-Cathoded Perovskite 

Solar Cells. J Phys Chem C 118, 25878-25883, doi:10.1021/jp506991x (2014). 

107 Zhao, J. J. et al. Is Cu a stable electrode material in hybrid perovskite solar cells for a 

30-year lifetime? Energ Environ Sci 9, 3650-3656, doi:10.1039/c6ee02980a (2016). 

108 Deng, Y. H., Dong, Q. F., Bi, C., Yuan, Y. B. & Huang, J. S. Air-Stable, Efficient 

Mixed-Cation Perovskite Solar Cells with Cu Electrode by Scalable Fabrication of 

Active Layer. Adv Energy Mater 6, doi:ARTN 160037210.1002/aenm.201600372 

(2016). 

109 Zhang, Y. et al. Charge selective contacts, mobile ions and anomalous hysteresis in 

organic-inorganic perovskite solar cells. Mater Horiz 2, 315-322, 

doi:10.1039/c4mh00238e (2015). 

110 Tress, W. et al. Understanding the rate-dependent J-V hysteresis, slow time 

component, and aging in CH3NH3PbI3 perovskite solar cells: the role of a 

compensated electric field. Energ Environ Sci 8, 995-1004, doi:10.1039/c4ee03664f 

(2015). 

111 Li, Z. et al. Extrinsic ion migration in perovskite solar cells. Energ Environ Sci 10, 

1234-1242, doi:10.1039/c7ee00358g (2017). 

112 Xiao, Z. G. et al. Giant switchable photovoltaic effect in organometal trihalide 

perovskite devices. Nat Mater 14, 193-198, doi:10.1038/Nmat4150 (2015). 

113 Tisdale, J. T. et al. Dynamic impact of electrode materials on interface of single‐

crystalline methylammonium lead bromide perovskite. Adv Mater Interfaces, 

doi.org/10.1002/admi.201800476 (2018). 



 

119 

 

 

 

114 Shao, Y. C. et al. Grain boundary dominated ion migration in polycrystalline 

organic-inorganic halide perovskite films. Energ Environ Sci 9, 1752-1759, 

doi:10.1039/c6ee00413j (2016). 

115 Dong, Q. F. et al. Lateral-Structure Single-Crystal Hybrid Perovskite Solar Cells via 

Piezoelectric Poling. Adv Mater 28, 2816-2821, doi:10.1002/adma.201505244 

(2016). 

116 Deng, W. et al. Organic-inorganic hybrid perovskite quantum dots for light-emitting 

diodes. J Mater Chem C 6, 4831-4841, doi:10.1039/c8tc01214h (2018). 

117 Kumar, S. et al. Efficient Blue Electroluminescence Using Quantum-Confined 

Two-Dimensional Perovskites. Acs Nano 10, 9720-9729, 

doi:10.1021/acsnano.6b05775 (2016). 

118 Wang, H. C., Bao, Z., Tsai, H. Y., Tang, A. C. & Liu, R. S. Perovskite Quantum Dots 

and Their Application in Light-Emitting Diodes. Small 14, doi:UNSP 

170243310.1002/smll.201702433 (2018). 

119 Kojima, A., Ikegami, M., Teshima, K. & Miyasaka, T. Highly Luminescent Lead 

Bromide Perovskite Nanoparticles Synthesized with Porous Alumina Media. Chem 

Lett 41, 397-399, doi:10.1246/cl.2012.397 (2012). 

120 Malgras, V. et al. Observation of Quantum Confinement in Monodisperse 

Methylammonium Lead Halide Perovskite Nanocrystals Embedded in Mesoporous 

Silica. J Am Chem Soc 138, 13874-13881, doi:10.1021/jacs.6b05608 (2016). 

121 Malgras, V., Henzie, J., Takei, T. & Yamauchi, Y. Hybrid methylammonium lead 

halide perovskite nanocrystals confined in gyroidal silica templates. Chem Commun 

53, 2359-2362, doi:10.1039/c6cc10245j (2017). 



 

120 

 

 

 

122 Schmidt, L. C. et al. Nontemplate Synthesis of CH3NH3PbBr3 Perovskite 

Nanoparticles. J Am Chem Soc 136, 850-853, doi:10.1021/ja4109209 (2014). 

123 Li, X. M. et al. All Inorganic Halide Perovskites Nanosystem: Synthesis, Structural 

Features, Optical Properties and Optoelectronic Applications. Small 13, doi:ARTN 

160399610.1002/smll.201603996 (2017). 

124 Zhang, F. et al. Brightly Luminescent and Color-Tunable Colloidal CH3NH3PbX3 

(X = Br, I, Cl) Quantum Dots: Potential Alternatives for Display Technology. Acs 

Nano 9, 4533-4542, doi:10.1021/acsnano.5b01154 (2015). 

125 Huang, H., Susha, A. S., Kershaw, S. V., Hung, T. F. & Rogach, A. L. Control of 

Emission Color of High Quantum Yield CH3 NH3 PbBr3 Perovskite Quantum Dots 

by Precipitation Temperature. Adv Sci 2, doi:ARTN 

150019410.1002/advs.201500194 (2015). 

126 Shi, D. et al. Low trap-state density and long carrier diffusion in organolead trihalide 

perovskite single crystals. Science 347, 519–522 (2015). 

127 Madaria, A. R., Kumar, A., Ishikawa, F. N. & Zhou, C. W. Uniform, Highly 

Conductive, and Patterned Transparent Films of a Percolating Silver Nanowire 

Network on Rigid and Flexible Substrates Using a Dry Transfer Technique. Nano Res 

3, 564-573, doi:10.1007/s12274-010-0017-5 (2010). 

128 Chueh, C.-C., Li, C.-Z. & Jen, A. K.-Y. Recent progress and perspective in 

solution-processed Interfacial materials for efficient and stable polymer and 

organometal perovskite solar cells. Energy Environ. Sci. 8, 1160–1189 (2015). 

129 Jeon, N. J. et al. Solvent engineering for high-performance inorganic-organic hybrid 

perovskite solar cells. Nat Mater 13, 897–903 (2014). 



 

121 

 

 

 

130 Liu, J. et al. Two-dimensional CH3NH3PbI3 perovskite: Synthesis and optoelectronic 

application. Acs Nano 10, 3536–3542 (2016). 

131 Hwang, K. et al. Toward large scale roll‐to‐roll production of fully printed perovskite 

solar cells. Adv. Mater. 27, 1241–1247 (2015). 

132 Tan, Z. et al. Two-dimensional (C4H9NH3)2PbBr4 perovskite crystals for 

high-performance photodetector. J. Am. Chem. Soc. 138, 16612–16615 (2016). 

133 Zakhidov, A. A. et al. Orthogonal processing: A new strategy for organic electronics. 

chem. sci. 2, 1178–1182 (2011). 

134 Polarity Index. http://macro.lsu.edu/HowTo/solvents/Polarity%20index.htm. 

135 HPLC Solvent Properties, Polarity Index (Snyder). 

http://www.sanderkok.com/techniques/hplc/eluotropic_series_extended.html. 

136 Miller’s Home, Solvent Polarity Table 1. 

https://sites.google.com/site/miller00828/in/solvent-polarity-table. 

137 Marcus, Y. The properties of organic liquids that are relevant to their use as solvating 

solvents. Chem. Soc. Rev. 22, 409–416 (1993). 

138 Berliner, E. Electrophilic aromatic substitution reactions. Progress in physical 

organic chemistry 2, 253 (1964). 

139 Lin, C.-H. et al. Orthogonal Lithography for Halide Perovskite Optoelectronic 

Nanodevices. Acs Nano 13, 1168-1176, doi:10.1021/acsnano.8b05859 (2019). 

140 Huang, J., Shao, Y. & Dong, Q. Organometal Trihalide Perovskite Single Crystals: A 

Next Wave of Materials for 25% Efficiency Photovoltaics and Applications Beyond? 

J. Phys. Chem. Lett. 6, 3218–3227 (2015). 

http://macro.lsu.edu/HowTo/solvents/Polarity%20index.htm
http://www.sanderkok.com/techniques/hplc/eluotropic_series_extended.html
https://sites.google.com/site/miller00828/in/solvent-polarity-table


 

122 

 

 

 

141 McGehee, M. D. Perovskite solar cells: continuing to soar. Nat. Mater. 13, 845–846 

(2014). 

142 Hannay, N. Electronic materials. Springer Science & Business Media (2012). 

143 Dang, Y. et al. Bulk crystal growth of hybrid perovskite material CH3NH3PbI3. 

CrystEngComm 17, 665–670 (2015). 

144 Saidaminov, M. I. et al. High-quality bulk hybrid perovskite single crystals within 

minutes by inverse temperature crystallization. Nature Commun. 6, 7586 (2015). 

145 Wei, T. C. et al. Photostriction of CH3NH3PbBr3 Perovskite Crystals. Adv Mater 29, 

doi:UNSP 170178910.1002/adma.201701789 (2017). 

146 Fang, H. H. et al. Ultrahigh sensitivity of methylammonium lead tribromide 

perovskite single crystals to environmental gases. Sci. Adv. 2, e1600534 (2016). 

147 Peng, W. et al. Solution-grown monocrystalline hybrid perovskite films for 

hole-transporter-free solar cells. Adv. Mater. 28, 3383–3390 (2016). 

148 Sze, S. M. & Ng, K. K. Physics of semiconductor devices. John wiley & sons (2006). 

149 Lin, C. H. et al. Metal contact and carrier transport in single crystalline 

CH3NH3PbBr3 perovskite. Nano Energy 53, 817-827, 

doi:10.1016/j.nanoen.2018.09.049 (2018). 

150 Butler, K. T., Frost, J. M. & Walsh, A. Band alignment of the hybrid halide 

perovskites CH3NH3PbCl3, CH3NH3PbBr3 and CH3NH3PbI3. Mater. Horiz. 2, 

228–231 (2015). 

151 Sorianello, V., Colace, L., Nardone, M. & Assanto, G. Thermally evaporated 

single-crystal germanium on silicon. Thin Solid Films 519, 8037–8040 (2011). 



 

123 

 

 

 

152 Edri, E., Kirmayer, S., Kulbak, M., Hodes, G. & Cahen, D. Chloride inclusion and 

hole transport material doping to improve methyl ammonium lead bromide 

perovskite-based high open-circuit voltage solar cells. J. Phys. Chem. Lett. 5, 429–

433 (2014). 

153 Aharon, S., Cohen, B. E. & Etgar, L. Hybrid lead halide iodide and lead halide 

bromide in efficient hole conductor free perovskite solar cell. J. Phys. Chem. C 118, 

17160–17165 (2014). 

154 Ke, J. J., Tsai, K. T., Dai, Y. A. & He, J. H. Contact transport of focused ion 

beam-deposited Pt to Si nanowires: From measurement to understanding. Appl. Phys. 

Lett. 100, 053503-053501–053503-053504 (2012). 

155 Rhoderick, E. H. Metal-semiconductor contacts. IEE Proceedings I-Solid-State and 

Electron Devices 129 (1982). 

156 Rhoderick, E. H. Comments on the conduction mechanism in Schottky diodes. J. 

Phys. D Appl. Phys. 5, 1920–1929 (1972). 

157 Xia, L., Wu, W., Hao, Y., Wang, Y. & J., X. Characterization of 

focused-ion-beam-induced damage in n-type silicon using Schottky contact. Appl. 

Phys. Lett. 88, 152108-152101–152108-152103 (2006). 

158 Nam, C. Y., Tham, D. & Fischer, J. E. Disorder effects in 

focused-ion-beam-deposited Pt contacts on GaN nanowires. Nano Lett. 5, 2029–2033 

(2005). 

159 Ke, J. J., Wei, T. C., Tsai, D. S., Lin, C. H. & He, J. H. Surface effects of 

electrode-dependent switching behavior of resistive random-access memory. Appl 

Phys Lett 109, doi:Artn 13160310.1063/1.4963671 (2016). 



 

124 

 

 

 

160 Ke, J. J. et al. Surface-Controlled Metal Oxide Resistive Memory. Ieee Electr Device 

L 36, 1307-1309, doi:10.1109/Led.2015.2493343 (2015). 

161 Murali, B. et al. Surface restructuring of hybrid perovskite crystals. ACS Energy Lett. 

1, 1119–1126 (2016). 

162 Venugopal, A., Colombo, L. & Vogel, E. M. Contact resistance in few and multilayer 

graphene devices. Appl. Phys. Lett. 96, 013512-013511–013512-013513 (2010). 

163 Xia, F., Perebeinos, V., Lin, Y. M., Wu, Y. & Avouris, P. The origins and limits of 

metal–graphene junction resistance. Nature Nanotech. 6, 179–184 (2011). 

164 Wang, L. et al. One-dimensional electrical contact to a two-dimensional material. 

Science 342, 614–617 (2013). 

165 Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics. Nat 

Nanotechnol 5, 722–726 (2010). 

166 Stern, E., Cheng, G., Young, M. P. & Reed, M. A. Specific contact resistivity of 

nanowire devices. Appl. Phys. Lett. 88, 053106-053101–053106-053103 (2006). 

167 Karakus, M. et al. Phonon-Electron Scattering Limits Free Charge Mobility in 

Methylammonium Lead Iodide Perovskites. J Phys Chem Lett 6, 4991-4996, 

doi:10.1021/acs.jpclett.5b02485 (2015). 

168 Senanayak, S. P. et al. Understanding charge transport in lead iodide perovskite 

thin-film field-effect transistors. Sci Adv 3, doi:UNSP 

e160193510.1126/sciadv.1601935 (2017). 

169 Ponseca, C. S. et al. Organometal Halide Perovskite Solar Cell Materials 

Rationalized: Ultrafast Charge Generation, High and Microsecond-Long Balanced 



 

125 

 

 

 

Mobilities, and Slow Recombination. J Am Chem Soc 136, 5189-5192, 

doi:10.1021/ja412583t (2014). 

170 Chin, X. Y., Cortecchia, D., Yin, J., Bruno, A. & Soci, C. Lead iodide perovskite 

light-emitting field-effect transistor. Nat Commun 6, doi:ARTN 

738310.1038/ncomms8383 (2015). 

171 Takahashi, Y. et al. Tunable charge transport in soluble organic–inorganic hybrid 

semiconductors. Chem. Mater. 19, 6312–6316 (2007). 

172 Natsume, Y., Sakata, H. & Hirayama, T. Low‐temperature electrical conductivity and 

optical absorption edge of ZnO films prepared by chemical vapour deposition. Phys. 

Status Solidi A 148, 485–495 (1995). 

173 Li, D. H. et al. Gate-Induced Insulator to Band-Like Transport Transition in 

Organolead Halide Perovskite. J Phys Chem Lett 8, 429-434, 

doi:10.1021/acs.jpclett.6b02841 (2017). 

174 Li, D. H. et al. Electronic and Ionic Transport Dynamics in Organolead Halide 

Perovskites. Acs Nano 10, 6933-6941, doi:10.1021/acsnano.6b02795 (2016). 

175 Milot, R. L., Eperon, G. E., Snaith, H. J., Johnston, M. B. & Herz, L. M. 

Temperature-Dependent Charge-Carrier Dynamics in CH3NH3PbI3 Perovskite Thin 

Films. Adv Funct Mater 25, 6218-6227, doi:10.1002/adfm.201502340 (2015). 

176 Savenije, T. J. et al. Thermally Activated Exciton Dissociation and Recombination 

Control the Carrier Dynamics in Organometal Halide Perovskite. J Phys Chem Lett 5, 

2189-2194, doi:10.1021/jz500858a (2014). 



 

126 

 

 

 

177 Li, D. H. et al. Size-dependent phase transition in methylammonium lead iodide 

perovskite microplate crystals. Nat Commun 7, doi:ARTN 

1133010.1038/ncomms11330 (2016). 

178 Whitfield, P. S. et al. Structures, Phase Transitions and Tricritical Behavior of the 

Hybrid Perovskite Methyl Ammonium Lead Iodide. Sci Rep-Uk 6, doi:ARTN 

3568510.1038/srep35685 (2016). 

179 Khan, Z. H., Husain, M., Perng, T. P., Salah, N. & Habib, S. Electrical transport via 

variable range hopping in an individual multi-wall carbon nanotube. J. Phys. 

Condens. Matter 20, 475207 (2008). 

180 Mott, N. F. & Davis, E. A. Electronic processes in non-crystalline materials. OUP 

Oxford (2012). 

181 Lin, H. et al. Luminescent nanofluids of organometal halide perovskite nanocrystals 

in silicone oils with ultrastability. Acs Appl Mater Inter 10, 27244–27251 (2018). 

182 Malgras, V., Henzie, J., Takei, T. & Yamauchi, Y. Stable Blue Luminescent CsPbBr3 

Perovskite Nanocrystals Confined in Mesoporous Thin Films. Angew Chem Int Edit 

57, 8881-8885, doi:10.1002/anie.201802335 (2018). 

183 Zhou, Q. C. et al. In Situ Fabrication of Halide Perovskite Nanocrystal-Embedded 

Polymer Composite Films with Enhanced Photoluminescence for Display Backlights. 

Adv Mater 28, 9163-+, doi:10.1002/adma.201602651 (2016). 

184 Palazon, F. et al. Polymer-Free Films of Inorganic Halide Perovskite Nanocrystals as 

UV-to-White Color-Conversion Layers in LEDs. Chem Mater 28, 2902-2906, 

doi:10.1021/acs.chemmater.6b00954 (2016). 



 

127 

 

 

 

185 Xing, J. et al. High-Efficiency Light-Emitting Diodes of Organometal Halide 

Perovskite Amorphous Nanoparticles. Acs Nano 10, 6623-6630, 

doi:10.1021/acsnano.6b01540 (2016). 

186 Li, Y. Z. et al. Light-Induced Degradation of CH3NH3PbI3 Hybrid Perovskite Thin 

Film. J Phys Chem C 121, 3904-3910, doi:10.1021/acs.jpcc.6b11853 (2017). 

187 Song, J. Z. et al. Quantum Dot Light-Emitting Diodes Based on Inorganic Perovskite 

Cesium Lead Halides (CsPbX3). Adv Mater 27, 7162-+, 

doi:10.1002/adma.201502567 (2015). 

188 Li, J. H. et al. 50-Fold EQE Improvement up to 6.27% of Solution-Processed 

All-Inorganic Perovskite CsPbBr3 QLEDs via Surface Ligand Density Control. Adv 

Mater 29, doi:UNSP 160388510.1002/adma.201603885 (2017). 

189 Shan, Q. S. et al. All-inorganic quantum-dot light-emitting diodes based on 

perovskite emitters with low turn-on voltage and high humidity stability. J Mater 

Chem C 5, 4565-4570, doi:10.1039/c6tc05578h (2017). 

190 Shi, L. et al. Accelerated Lifetime Testing of Organic-Inorganic Perovskite Solar 

Cells Encapsulated by Polyisobutylene. Acs Appl Mater Inter 9, 25073-25081, 

doi:10.1021/acsami.7b07625 (2017). 

191 Li, X. et al. Efficient Passivation of Hybrid Perovskite Solar Cells Using Organic 

Dyes with -COOH Functional Group. Adv Energy Mater 8, doi:ARTN 

180071510.1002/aenm.201800715 (2018). 

192 Grancini, G. et al. One-Year stable perovskite solar cells by 2D/3D interface 

engineering. Nat Commun 8, doi:ARTN 1568410.1038/ncomms15684 (2017). 



 

128 

 

 

 

193 Wang, H. C. et al. Mesoporous Silica Particles Integrated with All-Inorganic 

CsPbBr3 Perovskite Quantum-Dot Nanocomposites (MP-PQDs) with High Stability 

and Wide Color Gamut Used for Backlight Display. Angew Chem Int Edit 55, 

7924-7929, doi:10.1002/anie.201603698 (2016). 

194 Lee, E., Ahn, H. & Choe, E. Effects of light and lipids on chlorophyll degradation. 

Food Sci Biotechnol 23, 1061-1065, doi:10.1007/s10068-014-0145-x (2014). 

195 Petit, M., Sempere, R., Vaultier, F. & Rontani, J. F. Photochemical Production and 

Behavior of Hydroperoxyacids in Heterotrophic Bacteria Attached to Senescent 

Phytoplanktonic Cells. Int J Mol Sci 14, 11795-11815, doi:10.3390/ijms140611795 

(2013). 

196 Printed electronics Market by Material (Inks and Substrates), Technology (Inkjet, 

Screen, Gravure, and Flexographic), Device (Sensors, Displays, Batteries, RFID tags, 

Lighting solutions/panels, and PV Cells), Industry, and Geography - Global Forecast 

to 2023. 

https://www.marketsandmarkets.com/Market-Reports/printed-electronics-market-197

.html (2018). 

197 Lin, C. H. et al. Highly Deformable Origami Paper Photodetector Arrays. Acs Nano 

11, 10230-10235, doi:10.1021/acsnano.7b04804 (2017). 

198 Lin, C.-H. et al. A flexible solar-blind 2D boron nitride nanopaper-based 

photodetector with high thermal resistance. npj 2D Materials and Applications 2, 23, 

doi:10.1038/s41699-41018-40070-41696 (2018). 

https://www.marketsandmarkets.com/Market-Reports/printed-electronics-market-197.html
https://www.marketsandmarkets.com/Market-Reports/printed-electronics-market-197.html


 

129 

 

 

 

199 Gu, L. L. et al. Significantly improved black phase stability of FAPbI(3) nanowires 

via spatially confined vapor phase growth in nanoporous templates. Nanoscale 10, 

15164-15172, doi:10.1039/c8nr03058h (2018). 

 


