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Abstract 

 

Design of Crystalline Zinc-Tin-Oxide 

Semiconductor: Low Temperature-Solution 

Processed Flexible Photon Energy 

Conversion Devices 

 

Seong Sik Shin 

Department of Materials Science and Engineering 

College of Engineering 

Seoul National University 

 

Metal oxide semiconductors (MOS) with wide band gap promise high performance 

as an electron/hole transporting material in advanced optoelectronic applications as 

diverse as transparent displays and emerging solar cells due to their high carrier 

mobility, tunable high band gap, and high stability. Especially, solution processable 

MOSs on flexible substrate at low temperature promise to revolutionize the area of 

such emerging optoelectronics due to lower fabrication cost by high throughput and 
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large area roll-to-roll process. Among various optoelectronics, solar cells which 

converts solar energy into electricity are expected to be the most promising 

technology due to their infinite and eco-friendly energy source. In particular, the solid 

state perovskite solar cells (PSCs) have received the most attention owing to their low 

fabrication cost and remarkably high power conversion efficiency of over 20 %. In 

contrast to rigid substrate based PSCs, however, the PSCs based on flexible substrate 

currently face significant challenges in improving energy conversing efficiency. The 

MOSs in PSCs are one of the biggest reasons for poor device performance due their 

high processing temperature and inferior optical/electrical properties. As a part of the 

solution for these problems, inverse-spinel zinc tin oxide (Zn2SnO4) has attracted 

significant attention in the solar cell area as an alternative to the conventional binary 

oxides such as TiO2 and ZnO because of its comparable energy levels, high 

chemical/photo-stability and superior electronic/optical properties. However, 

although it possesses attractive properties, it is actually difficult to replace the existing 

binary oxides because of its high processing temperature and complex fabrication 

process. In addition, the MOS in the PSCs possess many interfaces, e.g., transparent 

conducting oxide (TCO)/MOS interface and MOS/light absorbing material interface, 

which can operate as recombination center for photo-generated electrons. The loss of 

photo-generated electrons at interfaces leads to poor device performance especially 

in low temperature processed flexible PSCs. From this point of view, the thesis 

proposes two strategies for high performance flexible PSCs with simple low 

temperature process. First is development of low temperature process for obtaining 

high quality Zn2SnO4 (ZSO) film on flexible substrate below 100 oC. Second is 



iii 

 

interface design of low temperature processed ZSO film to minimize the photo-

generated electron loss in flexible PSCs.         

First, the ZSO was explored to evaluate its potential to an electron collection 

materials (ECM) in solar cells, by employing dye sensitized solar cells (DSSCs) as a 

model device. For the purpose, ZSO dense/porous films were deposited as an ECM 

in DSSCs, and its device performance was evaluated via high temperature process 

above 500 oC. The ZSO based DSSC showed good device performance over 6 %, and 

the superior device properties were discussed on the view point of its light harvesting 

and charge collection (electron transfer/transport) capability with various electron 

dynamic analysis tools. These results demonstrated that the ZSO may be an attractive 

alternative to TiO2 for next generation solar cells, such as perovskite solar cells 

(PSCs).             

Second, a new synthesis strategy was proposed to fabricate ZSO nanoparticles 

(NPs) at much lower reaction temperature (< 100 °C) by controlling zinc complex 

precursor with hydrazine in aqueous solution. Their possible synthesis mechanism 

was discussed in detail. The new synthesis route yielded highly dispersed crystalline 

ZSO NPs, which facilitated a low temperature fabrication (~ 100 °C) of a compact 

ZSO film by simple spin coating method. Notably, the resultant film showed superior 

transmittance rather than bare ITO glass or polymer substrates in visible regions due 

to their anti-reflection (AR) effect attributable to low reflective index of ~1.4. 

Furthermore, its feasibility on flexible PSCs was examined by employing the low 

temperature processed ZSO film as an electron collection layer (ECL). The resultant 
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ZSO based flexible PSC showed superior device performance over 15 %, which 

surpasses the performance of the existing TiO2 based flexible PSCs.  

Finally, general strategies were proposed to design a new type of ZSO ECL by 

using two ZSO nanoparticles (NPs) tuned in the energy level for improving the 

electron collection in flexible PSCs. The energy level of ZSO NPs was tuned by 

controlling particle size. The effect of their particle size and energy level on the 

electron collection in PSCs was discussed on the view point of difference in energy 

level at each interface, i.e., built in potential and schottky barrier. It was founded that 

the ZSO ECL designed with two features of ZSO QDs and NPs is highly beneficial 

for minimizing the electron loss originated from each interface, especially in flexible 

PSCs. Consequently, the designed ECL enabled the fabrication of a flexible PSC over 

16.5 % with high reproducibility, which is the highest efficiency reported for the 

flexible PSCs.  

This thesis focused on development of low temperature, solution process for 

synthesizing Zn2SnO4 material for application to flexible devices and suggested a 

guideline of designing Zn2SnO4 ELC to improve the performance of flexible PSCs. 

Furthermore, this thesis will provide a new breakthrough to solve the faced problems 

in not only flexible PSCs but also other research area such as TFT and TCO. 

 

Keywords: Metal oxide semiconductor, Low temperature solution process, 

Photoelectric energy conversion, perovskite solar cells, Flexible solar 
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Chapter 1. Introduction 

 

1.1 Solar Energy 

 

The continuous population growth in the world, together with the substantial 

development of industry has caused urgent demand for larger energy consumption. 

At present, most of the energy production come from the combustion of fuels, such 

as oil, natural gas, and coal. However, the exhaustion of fossil resources, the 

commensurate increase in noxious gas emissions, and the other associated 

environmental pollutions have put forward an urgent demand for developing 

sustainable energy technologies.[1] For the sustainability of our society, it is 

extremely important to develop alternative renewable energies to replace fossil fuels 

is of great importance. Among all of the renewable energy technologies, including 

hydro, solar, wind, geothermal heat, and biomass, solar energy has been a vast and 

inexhaustible resource and showed potential for power generation. Figure 1.1.1 

compares the current annual energy consumption of the world to (1) the known 

planetary reserves of the finite fossil and nuclear resources, and (2) to the yearly 

potential of the renewable alternatives. The volume of each sphere represents the total 

amount of energy recoverable from the finite reserves and the annual potential of 

renewable sources. Although there are other renewable sources to replace the existing 

energy sources, they are not all equivalent, while the solar resource is more than 200 
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times larger than all the others combined.[2] Therefore, because solar energy is the 

most abundant energy source on the planet, by far, the direct utilization of solar 

energy is essential for enhancing sustainability, reducing pollution and the 

dependence on fossile fuels.   

 

1.2 Photovoltaic Devices 

 

Photovoltaic cells (PVs), i.e., solar cells, which convert solar energy directly to 

electricity are the most promising avenue for sustainable energy supply. For 

photovoltaic energy to become competitive with fossil fuels and to capture a 

significant share of the electricity market, it is necessary to lower the total cost of 

solar energy. This can be accomplished by either reducing the cost of PVs or by 

increasing their power conversion efficiencies (PCEs).[3] Over the last three decades, 

various types of solar cells have been studied and developed, as shown in Figure 1.2.1 

Typically, the solar cells are classified as first, second and third generation solar cells 

in terms of their fabrication cost and efficiency; high cost/high efficiency (1st 

generation, 1G), low cost/low efficiency (2nd generation, 2G) and low cost/high 

efficiency (3rd generation, 3G), as shown in Figure 1.2.2 Among these solar cells, So 

far, crystalline Si based solar cells have dominated the photovoltaic market due to 

their high efficiency. However, their high manufacturing and installation costs hinder 

its effective competition with fossil energy. As an attractive alternative, the 3G solar 

cells such as organic photovoltaics (OPVs), dye sensitized solar cells (DSCs) and 
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quantum dot solar cells (QDSCs), which are fabricated through cost-effective 

solution based processes such as blade coating, screen printing and spraying, have 

been intensively studied over recently years and have promised lower cost solar 

power while allowing the utilization of unconventional substrates.[3] In spite of many 

efforts, however, the PCEs of the 3G solar cells are largely behind the Si based PVs 

because of still limited optical absorption and lower carrier mobility.[4] Consequently, 

a new type of PVs with higher PCEs and lower fabrication cost have been persued 

for the past decades.  

 

1.3 Flexible Photovoltaic Devices 

As cost reduction and product diversification are becoming significant issues in the 

PV industry, flexible solar cells are drawing a lot of attention. Because most of 

conventional solar cells are fabricated on rigid substrates such as glass or wafer, they 

are deformed or broken when forces are applied, while flexible solar cells, drawing 

attention as one of next-generation solar cells, are bendable or twistable, which can 

provide a convenient alternative energy source for indoor and outdoor applications 

because they are transformable according to circumstances.[5] Moreover, flexible 

substrates can be easily moulded into different shapes, and thin-film PV panels 

containing these substrates can be integrated with element of various sizes and shapes 

for the design of innovative energy-generating products.[5] Additionally, these 

flexible modules are light-weight and thus suitable for applications where weight is 

important, while they provide a much faster payback than products based on 
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conventional PVs.[6] Therefore, researchers have focused on developing low-cost, 

lightweight, and mechanically flexible thin-film PVs, which enable the 

implementation of portable, reduced dimensions, and time- and cost effective roll-to-

roll process of solar cells with mass production: a roll of flexible film cells can reduce 

the cost of making a solar panel and the time required to install a commercial solar 

array by at least 60 %.[ http://www.natcoresolar.com/solar/flexible-solar-cells/] 

Briefly, advantages for flexible PV are shown in Figure 1.3.1 

 

1.4 Inorganic-Organic Hybrid Perovskite (CH3NH3PbI3) Solar 

Cells (PSCs) 

Perovskite-structured CH3NH3PbX3 materials was reported by weber in 1978,[7] 

and it was first employed to fabricate sensitized-type solar cells with iodide liquid 

electrolyte in 2009[8]. However, its PCE is considerably low (3.8 %) compared to the 

existing 3G solar cells (~ 10%) and the perovskite materials are not stable in polar 

liquid electrolyte. A notable progress for perovskite materials based solar cells was 

obtained by replacing liquid electrolyte with solid-state hole transport materials 

(HTM). Since 2012, with many efforts, e.g. changing device structure (a type of thin 

film) and fabrication method, solar cells based on perovskite material, i.e., perovskite 

solar cells (PSCs), have shown a drastic growth,[9] and recently, the PCE over 20 % 

have been achieved via cost-effective solution process.[10] Currently, the high 

performance PSCs with economical advantage have been emerged as next-generation 

solar cell to compete with crystalline Si based solar cell in photovoltaic market.  
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1.5 Issue of PSCs 

1.5.1 Flexible PSCs 

With a remarkable progress of PSCs, many researchers have studied on the 

flexible substrate based PSCs due to their attractive PCE and cost-effective 

fabrication process (Figure 1.5.1).[11] Although there are a few reports of flexible 

PSCs over 10 %,[12, 13] however, the PCEs noticeably is low compared to rigid 

substrate based PSCs (~20 %). Generally, high quality TiO2 film is employed as an 

electron collection layer (ECL) for high efficiency PSCs. But, they require high 

temperature process above 500 oC, which limits the application into flexible substrate, 

resulting in inferior device performance. To overcome this problem, atomic laser 

deposition (ALD) technique was employed to deposit high quality TiO2 electrode on 

flexible substrates.[14] Although the devices performance increased slightly 

compared to solution processed flexible PSCs, their efficiencies are still low (~ 12 %), 

and vacuum technique is not the ultimate solution due to its high cost and slow 

production. Therefore, it is necessary to explore solution processable new metal oxide 

semiconductors (MOSs) that can overcome the problem caused when applied to 

flexible substrates. 

1.5.2 Interface 

ECL in PSCs has several interfaces, i.e., transparent conducting oxide 

(TCO)/ECL and ECL/perovskite. Upon the absorption of incident light by perovskite 

layer, electrons are generated, and they subsequently travel through ECL and their 
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relevant interfaces. For high efficiency PSCs, it is important to maintain natural 

electron flow from perovskite to electron collection electrode (i.e., ITO) without the 

loss of photo-generated electrons. However, in the majority of cases, they can operate 

as recombination center during operation, resulting in poor device performance. 

Especially in the case of low temperature processed PSCs, the recombination is 

largely increased, which limits the performance of flexible PSCs. Therefore, the study 

on minimizing electron loss at interfaces is required.  

1.5.3 Light Stability 

For commercialization of solar cells, the long-term stability is another important 

issue besides high efficiency. Recently, H. J. Snaith’s group reported that TiO2 based 

PSCs suffer from degradation of device by ultraviolet (UV) radiation.[15] The UV 

excitation of the TiO2 causes a large density of deep trap sites, which can induce a 

deep trapping of injected electrons, resulting in inferior photo-stability. This 

instability problem was effectively resolved by replacing the TiO2 with Al2O3. 

Although the PSCs is stable under UV radiation with Al2O3, the performance of 

device is low compared to TiO2 based PSCs because Al2O3 is so insulating oxide that 

it only play a role as a scaffold for deposition of perovskite. For satisfying both high 

stability and high efficiency, it is important to explore new metal oxides that possess 

superior optical/electrical properties with wide band gap.      
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Figure 1.1.1 Comparing finite and renewable planetary energy reserve. Total 

recoverable reserves are shown for the finite resources. Yearly potential is shown for 

the renewables.[2]  
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Figure 1.2.1 The chart on record solar cell efficiencies (2015). [16] 
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Figure 1.2.2 Efficiency and cost projection for 1G, 2G and 3G photovoltaic 

technology.[5]  
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Benefit Rationale 

Low Cost Module 

Production 

Flexible PVs allow manufacturing on continuous webs (roll-

to-roll), resulting in rapid scalability with relatively low 

capital outlay 

Flexible, Robust, 

Lightweight 

Modules 

Processing thin films on lightweight flexible substrates 

reduces material usage and enables more innovative ways of 

deploying the resultant modules for new and established 

markets. 

 

Reduced Balance 

of System Costs 

The use of mechanically robust, flexible plastic films can 

dramatically reduce the cost of housing the solar cells (the 

so called “balance of system” costs). This enables solar 

technology to be used in new, low cost applications where 

established technologies are inappropriate  

 

Low Cost Energy 

Production 

Taken together, the inherent benefits of flexible PVs are 

expected to drive a wide variety of applications where 

plastic PVs produce electricity at a lower cost than their 

traditional counterparts.  

 

Customisable 

Appearance and 

Design 

The flexible, semi-transparent nature of plastic PVs opens 

up attractive and innovative building design possibilities. 

Additionally the materials can be tuned over a wide range to 

achieve attractive color and aesthetic effects in areas such as 

deployment in architectural glass within buildings, where 

the appearance of modules is an important consideration.  

 

Figure 1.3.1 Benefit of flexible PVs. 
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Figure 1.5.1 Schematic illustration of the improvement in power conversion 

efficiency (PCE) of the flexible PSCs form 2013 to 2015.[11]   
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1.6 Objectives and Scopes 

The objective of this thesis is to develop low temperature, solution process 

for synthesizing metal oxide photo-electrode material below 100 oC and propose a 

guideline for designing photo-electrode for highly efficient flexible photon energy 

conversion devices, i.e., flexible PSCs. In particular, crystalline zinc tin oxide 

(Zn2SnO4) was synthesized and designed as photo-electrode material of flexible PSCs 

because Zn2SnO4 have superior optical/electrical properties with wide band gap of 

3.8 eV compared to TiO2 photo-electrode material. This thesis provides an effective 

solution for the limitation of conventional flexible PSCs.  

For low cost, high efficiency flexible PSCs, metal oxide photo-electrode 

should be easily prepared at low temperature below 100 oC. Therefore, designing 

metal oxide precursor is the most important thing for synthesizing crystalline metal 

oxide material because the precursor of metal oxide determines its crystallization 

temperature. Also, one of the biggest causes for efficiency limitation in flexible PSCs 

is the loss of photo-generated electrons in metal oxide photo-electrode or at their 

relevant interfaces. The loss of photo-generated electrons mainly stems from the 

difference in energy level at each interface. Therefore, their energy level and 

crystallite size are the most important properties on the study of metal oxide photo-

electrode for high efficiency PSCs.  

In chapter 2, basic concept of the PSCs and fundamental understanding for 

their working mechanism are described. Furthermore, the role and issue of metal 
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oxide semiconductor (MOS) in PSCs are examined and reviewed. Finally, the MOS 

employed in this thesis, i.e., Zn2SnO4, is introduced.     

In chapter 3, the detailed experimental procedures for material synthesis, 

device fabrication, and their characteristic analysis methods are described.  

In chapter 4, a feasibility study on the ZSO ECL in solar cell is performed 

by employing DSSCs as a model device. The optical property and electron dynamics 

in ZSO ECL is also examined.  

In chapter 5, novel synthesis method is investigated to lower the reaction 

temperature for synthesizing crystalline ZSO NPs. For synthesis of ZSO NPs below 

100 oC, a new type of ZSO precursor is designed using hydrazine and their possible 

mechanism is described in detail. Additionally, the transparent ZSO film are 

fabricated using the resultant ZSO NPs below 100 oC. To demonstrate the possibility 

of ZSO as an ECL layer in flexible PSCs, the performance of low temperature 

processed ZSO based flexible PSCs are evaluated.  

In chapter 6, the guideline for designing ECL to minimize the electron loss 

at each interface is described. Various sized NPs with different energy level are 

synthesized controlling the reaction temperature. The innate properties of each 

particle are evaluated by employing them as an ECL in PSCs and characterized in 

terms of electron transport and transfer in ECL or at its relevant interfaces. Combing 

the particles preferred at each interface, a new type of ECL were designed. The 

designed ZSO ECL based flexible PSC showed superior device performance 
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compared to the existing TiO2 based flexible PSCs.        
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Chapter 2. Background and Literature Survey 

 

2.1 Perovskite Solar Cells (PSCs) 

2.1.1 Perovskite Light Absorbing Material 

The general formula of organic-inorganic halide perovskites described by chemical 

formula ABX3, where the A, B and X sites are an organic cation (such as aliphatic or 

aromatic ammonium), divalent metal cation (such as Cu2+, Ni2+, Co2+, Fe2+, Mn2+, 

Cr2+, Pd2+, Cd2+, Ge2+, Sn2+, Pb2+, Eu2+ or Yb2+) and halide anion (such as I-, Br- or 

Cl-), respectively (Figure 2.1.1). They form an octahedral structure of BX6, which can 

form a three dimensional network connected at the corners. The component A fills 

the coordinated space between octahedrals.[17] The organic (A) and inorganic (B) 

components determine ferroelectric and semiconducting properties, respectively. The 

halide is responsible for optical absorption and photoluminescence: the iodides 

display smaller bandgaps and light emission at longer wavelengths, whereas the 

bromides show higher bandgaps and luminescence at shorter wavelengths. 

Furthermore, the mixing two halides, i.e., (ABIxBr1-x)3 enables the continuous tuning 

of the bandgap.[18] Among the various types of organic-inorganic halide perovskites, 

the methylammonium lead trihalide perovskites, i.e., CH3NH3PbX3, X=I or Br have 

shown great advantage to solar cell application due to its direct optical bandgap of 

1.55 eV (absorption onset of 800 nm), low exciton binding energy, long carrier 

lifetimes, long diffusion length, and high absorption coefficient.[19] Especially, the 
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high absorption coefficient of 1.5x104 at 550 nm is 2~3 times higher than the organic 

dyes, which means a thinner absorbing layer would be sufficient for superior 

photovoltaic performance. Therefore, perovskite material can be extensively used as 

a promising light harvester in low cost, high efficiency solar cells.    

2.1.2 Device Structure and Working Principle 

PSCs consist of 3 basic components: (1) electron transporting material (ETM), (2) 

hole transporting material (HTM), and (3) perovskite materials as a light harvester. 

Based on these materials, various types of device structures can be constructed by the 

unique property of perovskite materials (e.g., light harvesting and ambipolar charge 

transport). Figure 2.1.2 show schematic device structures of PSCs: (a) mesoscopic 

structure with mesoporous TiO2, i.e., perovskite sensitized-type structure, (b) 

perovskite pore-filling type structure and (c) planar type structure without 

mesoporous TiO2. In the case of perovskite sensitized-type PSC (1), its working 

mechanism is similar to dye-sensitized solar cells: (1) light absorption of perovskite 

dots adsorbed on mesoporous TiO2 for generating electrons, (2) electron and hole 

injection from perovskite to TiO2 ETM and HTM for charge separation, respectively 

and (3) electron and hole transport through ETM and HTM network for charge 

collection, while the working mechanism for both perovskite pore-filling structures 

and planar structures is different.[20] The perovskite material have ambipolar charge 

transport and charge accumulation properties. Especially, they show the long carrier 

diffusion above 1 µm with low trap densities, which allows electrons and holes to be 

effectively collected by electron and hole acceptors. Because of these properties, in 
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the case of both pore-filling and planar structures, the photo-generated electrons and 

holes are transported through perovskite layer before transferred into ETM and HTM, 

and then they are collected through ETM and HTM.[20] For all ideal PSCs, these 

processes systematically occur without any loss of photo-generated electrons and 

holes. However, for real device system, the charge loss can’t be completely avoid due 

to recombination in employed materials and relevant interfaces, resulting in the 

deterioration of device performance. Therefore, the choice of materials with proper 

band alignment must be carefully considered for high performance device, as shown 

in Figure 2.1.3.    

2.1.3 Metal Oxide Semiconductors (MOSs) and their relevant interfaces 

in PSCs 

MOSs are the most important component in PSCs because they function as electron 

accepter and provide direct path to transport the photo-generated electrons while in 

some cases they also act as the scaffold for deposition of high quality perovskite layer. 

Of the many MOSs, TiO2 is the most attractive candidate as an ETM in PSCs due to 

high chemical stability, nontoxicity, low cost[1] and appropriate band alignment with 

perovskite, and TiO2 based PSCs already achieved high efficiency over 20 % in 

2014.[10] However, its high crystallization temperature and relatively inferior 

electrical/optical properties have limited to application into flexible PSCs (~10 %). 

As an alternative to TiO2, other binary oxides, such as SnO2, ZnO and WO3 have been 

investigated.[13, 21, 22] Despite many efforts, however, their device performances 

haven’t surpassed the performance of TiO2 based PSCs. Therefore, MOSs, which 
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have superior electrical/optical properties and low crystallization temperature, must 

be developed in order to overcome a current limitation of flexible PSCs. Ternary 

MOSs are better candidates than binary oxides, as their fundamental properties can 

easily be modified by altering the composition. However, ternary MOSs have not 

been investigated intensively, and the only a few examples (e.g., Zn2SnO4 and SrTiO3) 

have demonstrated functioning PSCs (~ 10 %).[23, 24] Figure 2.1.4 shows the energy 

band diagram of representative metal oxide electron transports. 

MOSs are adjacent to transparent conducting oxide (TCO) and perovskite material 

in PSCs, which forms many interfaces, i.g., (1) MOS/ITO interface and (2) 

MOS/perovskite materials. Although high quality MOSs are developed as an ETM in 

PSCs, interface barriers between the perovskite material, ETM, and TCO are treated 

as secondary concerns because they operate as a recombination center. For high 

efficiency PSCs, PSCs require an optimized charge transport pathway by controlling 

interfaces in PSCs.  

(1) MOS/TCO interface 

Schottky barrier occurs at a metal-semiconductor junction in thermal equilibrium 

when the fermi energy (EF) of the semiconductor is higher than that of the metal prior 

to the contact of two materials. Several groups have reported that the schottky barrier 

may be present at the TCO/TiO2 (MOS) interface due to high EF of TiO2 by its oxygen 

vacancies.[25] Figure 2.1.5 shows energy diagram for TCO/TiO2 interface where a 

schottky barrier is present. However, the schottky barrier at TCO/TiO2 interface can 

operate as an obstacle for electron transfer from TiO2 to TCO, which results in 
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reducing the maximum power output in PSCs when it is too large. Generally, the 

schottky barrier at metal/semiconductor interface can be reduced by minimizing the 

difference in work function for the TCO and semiconductor.[26] Therefore, it is 

necessary to design TCO or semiconductor for reducing difference in work function, 

i.e., TCO with lower work function and MOS with higher work function.     

(2) MOS/perovskite interface  

Generally, the junction is on the basis of thermal equilibrium theory. According to 

the Anderson model and thermal equilibrium theory,[27] the free carriers diffuse 

spontaneously when two semiconductors contact directly, which results in a unified 

fermi energy level in the whole system with energy band bending.[28] Also, this 

process generates a charge depletion region with a built-in electric field, which is 

defined as a junction; especially, the contact between different semiconducting 

materials with different Fermi energy level such as p- and n-type materials is defined 

as a p/n hetero junction. In p/n hetero-junction solar cells, when light is absorbed by 

solar cells, the thermal equilibrium is broken, and charge separation process occur.[28] 

Especially, the built-in electric field can give a force to separate charges in depletion 

region, which can minimize the charge recombination originated from interfacial 

junction where the recombination is generated due to defects and carrier 

accumulation in interface.[29] The effective suppression of recombination at 

interface junction has a significantly influence on the voltage output of solar cells.     

Recently, several groups have demonstrated that the contact between TiO2 and 

perovskite induces the depletion region with built-in electric field in the width of 
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hundreds of nanometers (Figure 2.1.6), i.e., built-in potential (Vbi) where Vbi 

corresponds to the difference in work function (fermi levels) between the two sides, 

which indicates that PSCs may be classified as p/n hetero-junction type solar cells.[29, 

30] As mentioned above, the Vbi is beneficial for the fast extraction of free electrons 

and the effective blocking of free holes in TiO2/perovskite interface, i.e., suppression 

of recombination.[31] Therefore, it is important to design MOS/perovskite interface 

for high performance PSCs.   
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Figure 2.1.1 Schematic illustration of organometal halide perovskite crystal 

structure.[4]  
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Figure 2.1.2 Device structures of PSCs.  
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Figure 2.1.3 Energy band diagram of representative organometal halide perovskites 

and charge transport layers. The dotted lines represent the work function of 

materials.[32]  
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Figure 2.1.4 Energy band diagram of representative metal oxide electron transport 

layers.  
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Figure 2.1.5 Energy level diagrams for a TCO/TiO2 interface under open-circuit 

conditions.[25]  
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Figure 2.1.6 (a) Energy diagram of the separated materials, TiO2 and perovskite. The 

Vbi of approximately 0.1 eV is expected. (b) Band diagram in equilibrium showing 

the formation of a p-n (perovskite-TiO2) heterojunction.[30]    
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2.2 Transparent Conducting Materials  

 

2.2.1 Spinel-Structured Materials 

The spinel-structured oxides which contain cations with d10s0 electronic 

configuration are expected to function as transparent conducting oxides (TCOs) with 

high electron mobility. These materials consists of linear chains of edge-sharing 

oxygen octahedral running along the <110> direction.[33] As shown in Figure 2.2.2, 

the cations MB occupying the center of the octahedral are p-block heavy-metal cations 

with d10s0 electronic configuration. In this structure, the conduction band consists 

mainly of vacant s orbitals associated with cations. There is no intervening oxygen 

between two neighboring MB cations in a given chain, and thus the short cation-cation 

distance can enhance direct overlapping of vacant s orbitals between the neighboring 

cations, leading to the formation of an extended conduction band, i.e., small effective 

mass.[34] Therefore, if electrons are doped in the extended conduction band, the 

linear chain can operate as a “highway” of electron, resulting in high electron 

mobility.[34] Several groups have demonstrated some spinel-structured TCO 

materials such as CdGa2O4, MgIn2O4, ZnGa2O4.[34-36] Because both In and Ga are 

rare and expensive elements, however, new alternative become an important issue. 

Other groups have also reported inverse spinel-structured materials such as Cd2SnO4 

and Zn2SnO4.[37, 38] Although Cd2SnO4 have shown a high conductivity with 2 x 

10-4 Ω·cm, it applicability is limited due to the toxicity of Cd element. Therefore, 

Zn2SnO4 is expected as the most promising TCO material because of its low cost, 
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resource availability and non-toxicity.   

2.2.2 Zinc Stannate (Zn2SnO4) 

Zn2SnO4 is a wide band gap, n-type oxide semiconductor and its stoichiometry can 

be generally as (ZnO)x(SnO2)1-x (0<x<1). Crystalline zinc tin oxide exists as two 

different structured forms with varying Zn:Sn ratio, i.e., orthorhombic or perovskite 

ZnSnO3, and cubic inverse spinel-type Zn2SnO4.[39] Typically, a metastable ZnSnO3 

transforms into stable Zn2SnO4 above 600 oC. Inverse structured Zn2SnO4 (space 

group: Fd3m̅, No. 227, Z=8) is composed of all tetrahedral A sites (8a) occupied by 

Zn2+ cations, while the octahedral B sites (16d) randomly by both Zn2+ and Sn4+ 

cations in equal proportions, as schematically shown in Figure 2.2.1.[40] Zn2SnO4 is 

an interesting metal oxide semiconductor with wide band gap over 3.6 eV due to their 

superior electrical/optical properties and high chemical/physical stability, and it might 

provide better properties than binary oxides, such as SnO2, ZnO and TiO2. These 

superior properties of Zn2SnO4 can provide a great potential for a wide range of 

promising applications such as photovoltaic devices, supercapacitors, gas sensors, 

transparent conducting oxide (TCO) and Li-ion batteries.[37, 41-44]    

Generally, Zn2SnO4 is synthesized by traditional solid-state reaction between ZnO 

and SnO2. However, the biggest drawback of this method is high processing 

temperature and long reaction time, which can induce unfavorable size/morphology. 

To overcome these problems, hydrothermal synthesis methods have been intensively 

investigated to synthesize the crystalline Zn2SnO4.[44-46] The hydrothermal process 

is an attractive method for synthesizing metal oxide nanoparticle under the mild 
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process condition. In the hydrothermal synthesis, the reaction temperature of 

Zn2SnO4 is considerably influenced by the types of zinc precursor complexes. 

Basically, Zn2SnO4 nanoparticles (NPs) are synthesized with strong base NaOH using 

zinc salt (zinc nitrate, zinc chloride, zinc sulfate, etc) and stannic chloride, which can 

form the zinc hydroxystannate (ZnSn(OH)6) intermediate phase.[45] But it needs high 

reaction temperature (> 200 °C) under the high pressure to transform into crystalline 

Zn2SnO4. Several groups have tried to control Zn precursor to reduce the reaction 

temperature using -amine and -carbonate mineralizers, resulting in formation of 

Zn(OH)4
2- and Zn5(CO3)2(OH)6.[47, 48] However, they still require high temperature 

over 150 °C and high pressure for dissociation/condensation process with Sn(OH)6
2-, 

resulting in irregular shaped and agglomerated Zn2SnO4, which can lower the 

competitiveness compared to binary oxides. Therefore, it is essential to design a new 

precursor for synthesizing the Zn2SnO4 at low temperature under 100 oC. 

 

 

 

 

 

 

 



30 

 

 

Figure 2.2.1 Inver spinel Zn2SnO4, showing randomly distributed Zn2+ and Sn4+ 

cations at octahedral B sites.[40]  
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Figure 2.2.2 Schematic diagram showing the linear chains of edge-sharing MBO4 

structural units (MBO6 octahedra in three dimensions).[34] 
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2.3 Solution Chemistry of Inorganic Materials (Sol-gel process) 

 

Sol-gel technology is the most typical liquid phase method for the fabrication of 

metal oxides. This process is a wet-chemical technique used to prepare materials with 

different types of shapes, such as porous structures, uniform nanoparticles, thin fiber, 

thin films and dense powders. Figure 2.3.1 shows the overview of the sol-gel 

technology. Especially, for metal oxide nanoparticles, the most important part is 

inorganic polymerization including hydrolysis and condensation reaction.  

2.3.1 Hydrolysis 

Hydrolysis reaction is a chemical process in which the breaking of chemical bonds 

by the addition of water. Generally, the hydrolysis occurs when salts is dissolved in 

water. The salts dissociate in water into positive and negative ions depending on the 

respective solubility constant, Ksp. Figure 2.3.2 shows the hydrolysis of the salt NaCl. 

The NaCl dissociates in water into Na+ and Cl- ions, which are attracted to the 

negatively charged O in water and the positively charged H in water, respectively.[49] 

In hydrolysis reaction, depending on the water acidity, several different types of 

coordination complexes can be existed and the following equilibria are 

established:[50] 

[M(OH)2]z+⇔ [M-OH](z-1)+ + H+ ⇔ [M=O](z-2)+
 + 2H+.        (1) 

Equation 1 shows the three types of ligands present in noncomplexing aqueous media: 

M-(OH2): Aquo   M-OH: Hydroxo   M=O: Oxo 
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Figure 2.3.3 shows the diagram for three domains corresponding to aquo, hydroxo, 

and oxo inos depending on the pH. This diagram give an explanation in a qualitative 

manner why the hydrolysis of low-valent cations (z < 4) yield hydroxo, aquo, or aquo-

hydroxo complexes over the complete pH scale, while high-valence cations (5 > z) 

form oxo or oxo-hydroxo complexes over the same range of pH.[51] 

2.3.2 Condensation 

Condensation reaction is a chemical process by which 2 molecules are 

linked to form a large molecule with the loss of a small molecule (by-product), 

as shown in Figure 2.3.4. Possible small molecules are water, methanol, and 

hydrogen chloride. But, most of the by-product mainly is water. Depending on 

the nature of complex (hydroxo-aquo or hydroxo-oxo), the mechanism of 

condensation reaction is different, olation or oxolation respectively.    

(1) Olation  

Olation is a condensation process in which a hydroxyl bridge is formed between 

two metal centers. When the coordinatively saturated hydroxo-aquo complexes are 

formed, olation occurs by nucleophilic substitution (SN) mechanism where the 

hydroxyl group is the nucleophile and H2O is the leaving group. Equation 2 is the 

representative olation reaction.[52]  

M-(OH) + M(OH2) → M(OH)M + H2O (olation reaction)       (2) 

When H2O is the leaving group, the kinetics of olation are related to the ability of the 
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aquo ligand to dissociate, which depends on electronegativity, size, and the electronic 

configuration of M. Generally, the smaller the charge and the larger the size, the faster 

the rate of olation.[52]  

(2) Oxolation 

Oxolation is a condensation process where an oxo bridge is formed between two 

metal centers rather than hydroxy bridge. For coordinatively saturated metals, 

oxolation occurs by a two-step SN reaction between oxyhydroxy precursors involving 

the nucleophilic addition followed by proton transfer and elimination of a leaving 

group (H2O) to make a M-O-M bond (eq. 3).[52, 53]  

 

 

The initial step is catalyzed by bases, which deprotonate the hydroxo ligands and 

increase its nucleophilic character. The second step is catalyzed by acids, which 

protonate hydroxo ligands (= the leaving OH group). Therefore, the oxolation 

reaction occurs over a wide range of pH, but due to the two-step process, its kinetics 

are slower compared to olation process. In general, oxolation kinetics are slowest near 

the isoelectric point (IEP) of the solution species.[52, 53]  
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Figure 2.3.1 Overview of the sol-gel process.[52] 
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Figure 2.3.2 The hydrolysis reaction of table salt NaCl (NaCl (s) → Na+ (aq) + Cl- 

(aq)).[49]   
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Figure 2.3.3 pH versus charge diagram (“aquo”, “hydroxo,” and “oxo” domains).[51] 
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Figure 2.3.4 Illustration of Condensation process.[54] 
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Chapter 3. Experiments 

3.1 Preparation of Zinc Tin Oxide (Zn2SnO4) 

3.1.1 Deposition of ZSO thin film (compact layer)  

The ZSO film was prepared on an FTO glass substrate (TEC8, 8 Ω/square, 

Pilkington) from a ZSO ceramic target by PLD by using a KrF excimer laser at RT 

and under an O2 pressure of 50 mTorr. The ZSO ceramic target was prepared by using 

the conventional powder method. High-purity ZnO and SnO2 powder (2:1 molar ratio) 

were mixed with zirconia balls in an ethanol medium for 24 h. The granulated 

powders were pressed into a disk shape and were sintered at 1200 °C for 2 h at 

standard atmospheric air pressure. The thickness of the PLD-ZSO films was 

controlled by the deposition time that ranged from 40 (100 nm) to 160 s (400 nm). 

The ZSO films were then annealed for 2 h under standard atmospheric air pressure at 

600 °C. 

3.1.2 Synthesis of ZSO NPs  

The ZSO NPs were synthesized as follows. Zn(NO3)2⋅6 H2O (10 mmol, 98 %, 

Aldrich) and SnCl4⋅5 H2O (5 mmol, 98 %, Aldrich) were dissolved in an 

water/ethanol solution of ammonium carbonate (200 mL, (NH4)2CO3, Junsei) with 

constant magnetic stirring. NaOH aqueous solution (50 mL, 1 m) was then added to 

the reaction solution. After stirring for 30 min, the reaction mixture was transferred 

into an autoclave with a 300 mL capacity and heated to 180 °C for 12 h. The obtained 
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products were thoroughly washed with distilled water and absolute ethanol by 

centrifugation, and then finally freeze dried.  

3.1.3 Synthesis of ZSO NPs via hydrazine  

All chemicals for the preparation of NPs were of regent grade and were used 

without further purification. ZnCl2 (12.8 mmol, Aldrich) and SnCl4·5H2O (6.4 mmol, 

Aldrich) were dissolved in deionized water (160 ml) under vigorous magnetic stirring. 

N2H4·H2O (N2H4 molar ratio/Zn=4/1, 8/1, 24/1) was then added to the reaction 

solution. White precipitates formed immediately, and this solution, including the 

precipitate, was heated on a hot plate at 90 °C for 12 h. To control particle size, the 

reaction temperature is controlled from 90 to 200 oC for 12 h. The obtained products 

were thoroughly washed with deionized water and ethanol and were then dispersed 

in 2-methoxy ethanol, resulting in a colloidal solution. 
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3.2 Device Fabrication 

3.2.1 DSSCs fabrication  

A porous ZSO film was deposited on FTO with a compact ZSO layer (FTO//ZSO) 

by using a paste that included ZSO NPs by the screen printing method. For 

comparison, the porous ZSO films were also deposited on a bare FTO and FTO coated 

with a TiO2 compact layer (FTO//TiO2) by the screen printing method. The resultant 

films were annealed under an ambient atmosphere following multiple heating steps 

(325 °C for 5 min, 375 °C for 5 min, 450 °C for 15 min, and 500 °C for 15 min). For 

the surface coating ZnO treatment, the annealed ZSO film was immersed in a zinc 

acetate solution (0.05 M) in an ethanol bath for 30 min at 50 °C. After the films were 

rinsed with ethanol and air dried, they were sintered again at 500 °C for 1 h. For the 

dye adsorption, the annealed ZSO films both with and without the ZnO treatment 

were soaked in a dye solution (0.5 mM purified N719 dye in absolute ethanol) at RT 

for 2 h. After the dye adsorption process, the films were thoroughly rinsed with a mild 

stream of absolute ethanol to remove the physically adsorbed dye molecules. 

Sandwich-type DSSCs were then assembled by using the dye-adsorbed ZSO films 

and a platinized FTO substrate by sputtering with a hot-melt film (∼60 μm, Surlyn) 

between them. Finally, an iodide-based liquid electrolyte (SI16L1535-01, Merck) 

was infiltrated into the sandwiched structure through a hole from the counter 

electrode side. The active area of the dye-coated ZSO film was 0.16 cm2. 
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3.2.2 PSCs fabrication  

A ZSO thin film was prepared by spin coating the colloidal dispersion of ZSO 

particles onto ITO-coated glass/PEN substrate at 3,000 r.p.m. for 30 s, followed by 

drying on a hot plate at 100 °C for 3 min. To control film thickness, the procedure 

was repeated several times. After baking at 100 °C for 1 h in air, the perovskite layer 

was deposited onto the resulting ZSO film by a consecutive two-step spin coating 

process at 1,000 and 5,000 r.p.m. for 10 and 20 s, respectively, from the mixture 

solution of methylammonium iodide (CH3NH3I) and PbI2. During the second spin 

coating step, the film was treated with toluene drop-casting, and then was dried on a 

hot plate at 100 °C for 10 min. The detailed preparation of the CH3NH3I has been 

described in previous work3. A solution of poly(triarylamine) (EM index, 

Mn=17,500 g mol−1, 15 mg in toluene 1.5 ml) was mixed with 15 μl of a solution of 

lithium bistrifluoromethanesulphonimidate (170 mg) in acetonitrile (1 ml) and 7.5 μl 

4-tert-butylpyridine. The resulting solution was spin coated on the CH3NH3PbI3/ZSO 

thin film at 3,000 r.p.m. for 30 s. Finally, an Au counterelectrode was deposited by 

thermal evaporation. 

 

 

 

 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html?message-global=remove#ref3
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3.3 Characterization 

3.3.1 DSSCs  

The crystal structure of the materials was characterized by using an X-ray powder 

diffractometer (XRD; New D8 Advance, Bruker). The morphological properties of 

the films were investigated by using a field-emission scanning electron microscope 

(FESEM; SU70, Hitachi) and a high-resolution transmission electron microscope 

(HRTEM; JEM3000F, JEOL). The XPS spectra were collected by using an ESCA 

spectrometer (AlKα X-ray source, SIGMA PROBE). The optical properties of the 

samples were characterized by using a UV/Vis spectrometer (LAMBDA650, Perkin–

Elmer). The photovoltaic characteristics were measured by using a potentiostat (CHI 

608C, CH Instruments) and a solar simulator (AM 1.5, 100 mW cm−2, PEC-L11, 

Pecell). The IPCE spectra were obtained in the range of 400–800 nm by using a 

specially designed IPCE system (K3100, McScience) for DSSCs. To measure the 

amount of dye adsorption, dye-adsorbed ZSO electrodes were immersed in an 

alkaline alcoholic solution and the optical absorption of the solution was measured 

by using a UV/Vis spectrometer. An electrochemical workstation (Zennium, Zahner) 

with an attached frequency response analyzer and a light-emitting diode (667 nm) 

was utilized for the IMPS/IMVS study. 

Femtosecond (fs) time-resolved TA spectra were recorded by using a spectrometer 

that consisted of a homemade noncollinear optical parametric amplifier (NOPA) 

pumped by a Ti:sapphire regenerative amplifier system (Quantronix, Integra-C) 



44 

 

operating at a 1 kHz repetition rate coupled with an optical detection system. The 

generated visible NOPA pulses had a pulse width of ∼100 fs and an average power 

of 1 mW in the range 480–700 nm, which were used as pump pulses. White light 

continuum (WLC) probe pulses were generated by using a sapphire window (2 mm 

thickness) by focusing a small portion of the fundamental 800 nm pulses that were 

picked off by a quartz plate before entering into the NOPA. The time delay between 

the pump and probe beams was carefully controlled by causing the pump beam to 

travel along a variable optical delay (Newport, ILS250). The intensity of the 

spectrally dispersed WLC probe pulses was monitored by using a miniature 

spectrograph (OceanOptics USB2000+). To obtain the time-resolved transient 

absorption signal (ΔA) at a specific time, the pump pulses were chopped at 25 Hz and 

the absorption spectra intensities were saved alternately with or without a pump pulse. 

Typically, 6000 pulses were used to excite the samples to obtain a TA spectra at a 

particular delay time. The polarization angle between the pump and probe beams was 

set at the magic angle (54.7°) by using a Glan-laser polarizer with a half-wave retarder 

to prevent polarization-dependent signals. The cross-correlation of the full-width 

half-maximum (FWHM) in the pump-probe experiments was less than 200 fs, and 

the chirp of the WLC probe pulses was measured to be 800 fs in the 400–1250 nm 

region. To minimize chirp, porous nanocrystalline films were deposited on a quartz 

slide glass by the screen printing method. The compact layer was not incorporated 

into all of the samples. The resultant films were annealed under an ambient 

atmosphere following multiple heating steps (325 °C for 5 min, 375 °C for 5 min, 
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450 °C for 15 min, 500 °C for 15 min). For the dye adsorption, the annealed 

nanocrystalline films were soaked in a dye solution (0.5 mM purified N719 dye in 

absolute ethanol) at RT for 2 h. After the dye adsorption process, the films were 

thoroughly rinsed with a mild stream of absolute ethanol to remove the physically 

adsorbed dye molecules. After the TA experiments, the absorption spectra of all of 

the compounds were checked carefully to avoid errors that arise from the 

photodegradation or photo-oxidation of the samples. 

3.3.2 PSCs  

The crystal structure and phase of the materials were characterized using an XRD 

(New D8 Advance, Bruker) and SAED. The chemical composition of materials was 

investigated using a Fourier transform infrared spectrometer (Nicolet 6,700, Thermo 

Scientific). The morphologies and microstructures were investigated by field 

emission scanning electron microscopy (FESEM, SU 70, Hitachi), transmission 

electron microscopy (TEM, JEM-2,100 F, JEOL) and atomic force microscopy 

(NanostationII, Surface Imaging Systems). The optical properties of samples were 

characterized using an ultraviolet–visible spectrophotometer (UV 2,550, Shimadzu). 

The EQE was measured using a power source (300 W xenon lamp, 66,920, Newport) 

with a monochromator (Cornerstone 260, Newport) and a multimeter (Keithley 2001).  

The J–V curves were measured using a solar simulator (Oriel Class A, 91195A, 

Newport) with a source meter (Keithley 2420) at 100 mW cm−2, AM 1.5 G 

illumination, and a calibrated Si-reference cell certified by the NREL. The J-V curves 

were measured by reverse scan (forward bias (1.2 V) => short circuit (0V)) or forward 
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scan (short circuit (0 V) => forward bias (1.2 V)). The step voltage and the delay time 

were fixed at 10 mV and 40 ms, respectively. The J–V curves for all devices were 

measured by masking the active area with a metal mask 0.096 cm2 in area. Time-

dependent PCE, dark current, impedance and capacitance voltage measurements were 

conducted with a potentiostat (PGSTAT302N, Autolab). 
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Chapter 4. Potential of Zn2SnO4 as electron transport 

layer in solar cells: Controlled Interfacial Electron 

Dynamics in Highly Efficient Zn2SnO4-Based Dye-

Sensitized Solar Cells 

 

4.1 Introduction 

Dye-sensitized solar cells (DSSCs) have garnered considerable attention 

from the solar cell community because of their low cost, decent conversion efficiency, 

and the variety of materials that can be used in their manufacture. In general, a DSSC 

consists of a dye-adsorbed nanoporous metal oxide layer on a fluorine-doped tin 

oxide (FTO) glass substrate (a working electrode or photoanode), a catalyst-loaded 

conducting substrate (a counter electrode), and an electrolyte that contains redox 

couples. The electrolyte fills the nanopores of the photoanode and the gap between 

the two electrodes. Among the three major components, the photoanode affects the 

performance of a DSSC most significantly. The photocurrent is determined by light 

harvesting and the subsequent charge generation by dye molecules (or other 

sensitizers), charge injection to the metal oxide, and the charge collection through the 

metal oxide network. The photovoltage is also influenced strongly by the 

photoelectron density (or quasi-Fermi level) of the photoanode and the electron 
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recombination to oxidized redox species in the electrolyte. 

Most photoanodes found in highly efficient DSSCs utilize TiO2 as the wide-

bandgap metal oxide, with the other components such as the sensitizer and electrolyte 

extensively tested and optimized for use with TiO2.[55-58] However, the sole use of 

TiO2 in DSSCs has set strict criteria for other components such as the conduction-

band alignment between TiO2 and sensitizers, which leads to the poor utilization of 

near-IR light.[59, 60] Therefore, the exploration of whether other wide-bandgap 

metal oxides could serve as the basis to improve the performance of DSSCs is needed. 

A number of recent studies have shown that ternary oxides such as Zn2SnO4[61] and 

BaSnO3[62, 63] with potential advantages of tunable chemical properties and band 

structures over binary oxides such as ZnO, SnO2, and Nb2O5 can be used for DSSCs. 

Among the ternary oxides, Zn2SnO4 (ZSO) has been investigated most intensively 

(e.g., morphology control[64, 65] and electron dynamics study[66, 67]), and the 

efficiency of ZSO-based DSSCs has increased from 3.8[61] to 4.7 %[68]. However, 

their device performance has yet to be improved significantly enough them to be 

considered as potential replacements for TiO2. 

During the operation of a DSSC, the dye molecules or other sensitizers 

absorb photons and generate excited electrons and holes. The excited photoelectrons 

are subsequently injected into the conduction band (CB) of the metal oxide and then 

transported towards the electron-collecting electrode (i.e., FTO) through a tortuous 

network of metal oxide nanoparticles (NPs). Meanwhile, the generated holes are 

injected to the reduced redox species in the electrolyte. The redox species oxidized 

by the holes then travels towards the counter electrode (i.e., in the direction opposite 
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to that of the electrons) through the electrolyte. The oxidized redox species is reduced 

again by the electrons that come from the photoanode through the outside circuit at 

the surface of the catalyst on the counter electrode. This working principle implies 

that control of the interfaces between the DSSC components and the associated 

charge transfer kinetics is one of the key approaches to improve the conversion 

efficiency of DSSCs. In the case of TiO2, various interfacial engineering techniques 

that include the blocking layer on FTO[69, 70] and surface modification of NPs[71, 

72] have been well established, which have led to the highest present efficiency of 

12.3 %. However, to the best of our knowledge, no study has investigated the 

interfacial engineering of ZSO-based photoanodes to improve DSSC performance. 

In this study, we propose general strategies to improve the performance of 

ZSO-based DSSCs by the interfacial engineering of the photoanode. Specifically, 

FTO–electrolyte (or FTO–ZSO NPs) and ZSO NPs–electrolyte interfaces were 

modified to enhance the desired charge transfer but suppress the undesired charge 

transfer (i.e., the back-electron transfer and charge recombination shown in routes 1 

and 2 in Figure 4.1.1). The surface of the FTO was coated with a highly transparent 

ZSO thin film by using a pulsed laser deposition (PLD) technique (or laser ablation). 

The ZSO blocking layer effectively suppresses the back-electron transfer from the 

FTO to the electrolyte while the optical transmittance of the bare FTO substrate is 

maintained, which results in a significantly improved photocurrent. In addition, the 

surface of the ZSO NPs was treated with a zinc acetate solution to form ultrathin 

conformal ZnO shell layers on the ZSO NP cores. The formation of ZnO shell layers 

is found to reduce the electron recombination from ZSO NPs to the electrolyte, which 
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leads to an increased photovoltage and fill factor. Interestingly, the electron transport 

kinetics investigated by using the intensity-modulated photocurrent spectroscopy 

(IMPS) technique and the charge-injection kinetics characterized from the femto- and 

nanosecond transient absorption (TA) measurement were essentially not influenced 

by the ZnO shell layer. With the interfacial engineering, the ZSO-based DSSC 

exhibits an efficiency that exceeds 6 %, one of the highest efficiencies seen in a non-

TiO2-based DSSC. 
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Figure 4.1.1 Schematic illustration of back electron transfer and charge 

recombination at the FTO/electrolyte and ZSO NP/electrolyte interface. 
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4.2 Interface Engineering using Zn2SnO4 thin film deposited by 

PLD 

The morphology of the compact ZSO layers deposited on FTO substrates is shown in 

Figure 4.2.1. The ZSO thin films were prepared by using PLD at room temperature 

and then annealed at 600 °C at standard atmospheric pressure for 2 h. The SEM 

(Figure 4.2.1 a and b) and low-magnification TEM (Figure 4.2.1 c and d) images 

revealed that the compact ZSO layers with a thickness of ∼200 nm were essentially 

free of pinholes and that the size of the ZSO grains is comparable to the film thickness 

(i.e., a single grain along the z axis). Notably, the relatively wide size distribution of 

the ZSO grains can be ascribed to the morphology of the underlying FTO substrate 

(Figure 4.2.2, Supporting Information). The XRD pattern (Figure 4.2.3) showed that 

the fabricated film is single-phase ZSO, and a higher magnification image and the 

corresponding selected-area electron diffraction (SAD) pattern (Figure 4.2.1 e and f) 

showed the single crystalline nature of the ZSO grains, indicative of the high 

crystallinity of the ZSO thin films. 

The optical transmission spectra of the FTO substrates without and with the 

compact ZSO layer (bare and CP-ZSO) are displayed in Figure 4.2.4, and the 

spectrum of a conventional TiO2 compact layer (CP-TiO2) is included for comparison. 

The TiO2 film with a thickness of ∼100 nm was prepared by spin coating a TiO2 

precursor solution following our previous method.[73] The incorporation of the TiO2 

film leads to reduced optical transmittance in the wavelength regime below ∼420 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig1
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig1
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig1
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig1
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig2
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and over ∼600 nm (blue circles in Figure 4.2.4 a) compared to the bare FTO. 

However, the FTO substrate with a compact ZSO layer (red hexagons in Figure 

4.2.4 a) shows very little decrease in transmittance compared to the bare FTO 

substrate. The higher transmittance of the compact ZSO layer compared to the 

compact TiO2 layer at the short wavelengths is ascribed to its larger optical band gap 

(3.6∼3.8 eV),[68, 74] whereas the higher transmittance at long wavelengths can be 

attributed to the smaller difference in the refractive index. It has been reported that 

the refractive index (ni) difference at the FTO–TiO2 interface should be minimized to 

obtain the smallest incident-light loss.[75] Given the refractive index of ZSO film 

(ni=2), TiO2 film (ni=2.4∼2.5), and FTO (ni=2), the optical transmittance of the 

ZSO–FTO interface would be higher than its TiO2–FTO counterpart owing to the 

smaller difference of the refractive index. The insignificant dependence of the optical 

transmittance on the compact ZSO layer thickness (Figure 4.2.4 b) is also believed to 

result from the negligible refractive index difference between ZSO and FTO as well 

as the conformal growth (or the similar morphology) of the compact ZSO layer on 

the FTO substrate (Figure 4.2.2). 

The open-circuit voltage (Voc) decay (OCVD) curves of the ZSO-based 

DSSCs without and with the compact ZSO layer (ZSO-NP and CP-ZSO/ZSO-NP) 

are shown in Figure 4.2.5 a. The OCVD measurement was performed by monitoring 

the transient Voc during relaxation from an illuminated quasi-equilibrium state to the 

dark equilibrium. The decay of the Voc reflects the decrease in the electron 

concentration at the FTO surface, which is mainly caused by electron recombination 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig3
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with (or back-electron transfer to) the electrolyte.[76, 77] The Voc of the device with 

the compact ZSO layer (CP-ZSO/ZSO-NP) decays more slowly than it does with the 

bare FTO device (ZSO-NP). In general, a slower decay of Voc is associated with a 

longer electron lifetime (τn), which was also shown to be the case in our study (Figure 

4.2.5 b). The τn was calculated from the transient Voc curves by using the following 

relationship [Eq. (1); Figure 4.2.5 b]:[78]  

                                 (1)                                    

in which kBT is the thermal energy, e is the positive elementary charge, and dVoc/dt is 

the derivative of the transient Voc. From the transient Voc study, therefore, it can be 

concluded that the compact ZSO layer successfully suppress electron recombination 

with the oxidized redox species (i.e., I3
−). The superior blocking effect of the compact 

ZSO layer is believed to result from the higher degree of crystallinity of the ZSO film, 

for example, a larger grain size and/or denser morphology. Furthermore, this blocking 

effect of the compact ZSO layer is comparable to that of a conventional TiO2 compact 

layer (Figure 4.2.6). 

The incident-photon-to-current conversion efficiency (IPCE) spectra of the 

ZSO-based DSSCs are shown in Figure 4.2.7. All of the DSSCs show the typical 

spectral response of N719-based DSSCs with a peak at around 530 nm. The IPCE of 

the cell that contained the compact ZSO layer (CP-ZSO/ZSO-NP) is higher than that 

of the cell with bare FTO (ZSO-NP) over the entire wavelength region. The IPCE (or 

the external quantum efficiency (EQE)) value is often expressed as the product of the 

light-harvesting, charge-injection, and charge-collection efficiencies.[62] Among the 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig3
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig3
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three factors that influence the IPCE value, the charge-injection efficiency can be 

assumed to be identical regardless of the compact layer, because all of the samples 

have the same dye–NP interface. 

The charge-collection efficiency, which is usually calculated from the 

electron transport/recombination time constants (by using IMPS/intensity-modulated 

photovoltage spectroscopy (IMVS))[79] or from the charge transport/recombination 

resistance (using electrochemical impedance spectroscopy (EIS)),[80] accounts for 

the electron dynamics before the injected photoelectrons are collected by the FTO 

substrate. Therefore, the charge-collection efficiencies of the DSSCs can be regarded 

to be identical too. As a result, the IPCE should be primarily affected by the light-

harvesting efficiency of the DSSCs, which, in turn, is closely associated with the 

optical transmittance of the substrate. The higher optical transmittance values of the 

ZSO film and bare FTO samples over and against that of the conventional TiO2 film 

sample should affect the IPCE value positively. Another factor that governs the IPCE 

value is the electron transfer at the surface of the substrate. The electron transfer can 

be broken down into two reactions that depend on the direction of the electron flow. 

First, the suppression of the back-electron transfer from FTO to the electrolyte would 

increase the IPCE value. The transient Voc results (Figure 4.2.5) show that the back-

electron transfer from FTO to the electrolyte was suppressed successfully in the 

presence of the compact ZSO layer. Second, facilitation of the electron transfer from 

the ZSO NPs to the FTO would increase the IPCE value as well. The presence of a 

conventional TiO2 compact layer between the ZSO NPs and FTO may form an 

electrical barrier to the electron transfer from the NPs to the FTO because the 



56 

 

conduction-band edge of TiO2 is higher than that of ZSO by ∼200 mV (Figure 

4.2.8),[71, 78] which results in a lower IPCE value (Figure 4.2.9). As a result of the 

combined effects of the optical transmittance, the blocking layer effect (or the 

suppression of the back-electron transfer), and the electron transfer from the 

sensitized ZSO NPs to the FTO, the IPCE value should be highest for the ZSO DSSC 

with the compact ZSO layer. The higher IPCE value should lead to a higher short-

circuit current density (Jsc). The expected Jsc values calculated from the IPCE spectra 

for the ZSO-based DSSCs with a compact ZSO layer, bare FTO, and a conventional 

TiO2 compact layer are 10.41, 8.66, and 7.29 mA cm−2, respectively. 
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Figure 4.2.1 Electron microscopy images of a Zn2SnO4 (ZSO) film deposited on FTO 

for 80 s. (a, b) plane view and cross sectional FESEM images, (c, d) cross-sectional 

low magnification TEM images, and (e, f) HRTEM image and SAED pattern of 

selected area (white-dash line).  
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Figure 4.2.2 FESEM images of bare FTO and ZSO film deposited on a FTO substrate 

with different deposition times. (a) 0 sec, (b) 40 sec, (c) 80 sec, (d) 120 sec, and (e) 

160 s. All ZSO films were annealed for two hours under standard atmospheric air 

pressure at 600 °C 
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Figure 4.2.3 XRD pattern of ZSO film deposited on FTO substrate over 80 s. The 

ZSO film was annealed for two hours under standard atmospheric air pressure at 

600 °C. 
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Figure 4.2.4 Optical transmission of (a) FTO (bare), FTO/ZSO (CP-ZSO), and 

FTO/TiO2 (CP-TiO2) multilayered substrates and (b) ZSO films of thicknesses that 

vary from 100–400 nm. 
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Figure 4.2.5 (a) Open-circuit photovoltage decay (OCVD) curves and (b) response 

time determined by OCVD for ZSO-based DSSCs with the FTO (ZSO-NP) and 

compact ZSO layer (CP-ZSO/ZSO-NP). 
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Figure 4.2.6 Response time determined by OCVD for DSSCs with Bare FTO (ZSO-

NP), the ZSO compact layer (CP-ZSO/ZSO-NP) and conventional TiO2 compact 

layer (CP-TiO2/ZSO-NP). 
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Figure 4.2.7 IPCE spectra of ZSO-based DSSCs with the FTO (ZSO-NP) and 

compact ZSO layer (CP-ZSO/ZSO-NP). 
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Figure 4.2.8 Mott-Schottky plots of bare ZSO, ZSO/ZnO and TiO2 film. The 

measurements were conducted at the frequency of 1 kHz with a 1 M KCl aqueous 

solution (pH 7). 
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Figure 4.2.9 Incident photon-to-current conversion efficiency (IPCE) spectra of 

ZSO-based DSSCs with with Bare FTO (ZSO-NP), the ZSO compact layer (CP-

ZSO/ZSO-NP) and conventional TiO2 compact layer (CP-TiO2/ZSO-NP). 

 

 

 

 

 

 

 



66 

 

4.3 Surface Engineering of Zn2SnO4 NPs  

The interface between the ZSO NPs and the electrolyte was modified by forming a 

shell layer on the surface of the NPs. In several studies on DSSCs, the NP surface 

was modified by using TiO2, mostly through TiCl4 treatment. The commonly used 

TiCl4 treatment (or TiO2 shell layer), however, has been found to affect the device 

performance of ZSO-based DSSCs adversely (Figure 4.3.1). Therefore, an ethanol-

based zinc acetate solution was used to modify the surface of the ZSO NPs instead of 

a TiCl4 solution. The high-resolution transmission electron microscopy (HRTEM) 

images (Figure 4.3.2 a and b) clearly show that a shell layer (presumably a ZnO layer) 

with a thickness of ≤2 nm forms on the surface of the ZSO NPs. The formation of the 

ZnO shell layer was also confirmed by X-ray photoelectron spectroscopy (XPS; 

Figure 4.3.2 c). The Zn 2p3/2 peak position of the ZSO–ZnO core–shell NPs (1021.7 

eV) is almost identical to that of the bare ZSO NPs (1021.6 eV), which falls into the 

range of the reported Zn-O binding energy of zinc oxides.[81, 82] In addition, the 

atomic ratio of Zn to Sn (Zn/Sn, determined by XPS) increases by 10 % (from 1.35 

to 1.48) after the shell formation, which indicates that the shell layer likely consists 

of ZnO. 

The injection kinetics of the excited photoelectrons from dye molecules to 

the metal oxide NPs were investigated by using femtosecond transient absorption (fs-

TA) spectroscopy. The temporal evolution of the change in optical density (i.e., ΔA 

or ΔOD) τ of the N719 dye molecules attached to the bare ZSO NP (ZSO-NP), ZSO–

ZnO core–shell NP (ZSO-NP/ZnO), and TiO2 NP (TiO2-NP) films are shown in 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig5
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig5
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Figure 4.3.3, in which each spectrum was normalized by its maximum for a clear 

comparison. The TiO2 NP film was added as a reference. In general, the information 

on the photoelectron-injection kinetics can be drawn from the absorption change, 

which is associated with the formation of the dye cations along with the electron 

injection.[83] However, the decay curve of the fs-TA signal involves multiple 

complicated processes in various time domains such as the singlet injection (1–10 

ps),[84, 85] the intersystem crossing from the singlet excited state to the triplet state 

(∼100 fs),[84, 86] the triplet-state injection (∼100 ps),[84] and the decay to the 

ground state (∼10 ns),[84] which often results in multimodal injection kinetics. If 

we consider the short time of the fs-TA measurement of <1 ns, it is reasonable to 

assume that the photoelectron recombination to the ground state of the N719 dye 

molecule does not contribute to the decay time of the fs-TA signal. Additionally, the 

three samples were used with same reference dye (N719) because the intersystem 

crossing times should be comparable. Therefore, the overall or apparent injection 

kinetics can be qualitatively compared by using fs-TA spectroscopy. For the 

qualitative comparison, the mean electron-injection rate (<kinj>) was estimated by 

using the relationship shown in Equation (2):  

<kinj> = ln(2/tH)                                         (2) 

in which tH is the half-life of the fs-TA signal. This half-life is defined as the time at 

which the amplitude of the deconvoluted fit decays to half of its maximum.[84, 87, 

88] The estimated electron-injection rate from the N719 dye molecule to the bare 

ZSO NPs, ZSO–ZnO core–shell NPs, and TiO2 NPs is 0.053 ps−1 (estimated injection 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig6
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#eqn2
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time, <τinj>≈18 ps), 0.033 ps−1, (<τinj>≈30 ps), and 0.018 ps−1 (<τinj>≈55 ps), 

respectively. The fact that the electron-injection rate of the bare-ZSO DSSC is three 

times faster than that of its TiO2 counterpart can be ascribed to the larger driving force 

of the electron injection that results from the lower (or more positive) conduction-

band edge of ZSO (Figure 4.2.8). Interestingly, the ultrathin ZnO shell layer seems to 

retard the electron injection by forming some kind of electrical barrier, although the 

driving force of the electron injection estimated from the position of the conduction-

band edge is essentially unchanged (Figure 4.2.8). 

The effect of the ZnO treatment on the electron dynamics of the ZSO-based 

DSSCs measured by IMPS/IMVS is shown in Figure 4.3.4. The compact layer was 

not incorporated into all of the DSSCs for the electron dynamics study to investigate 

the pure effect of the ZnO shell formation. The IMPS data of a conventional TiO2-

based DSSC is included for comparison. The values of the electron diffusion 

coefficient D and photoelectron density n were determined by following a procedure 

described in detail elsewhere.[89] The diffusion coefficient of ZSO-based DSSCs is 

essentially uninfluenced by the ZnO shell formation (blue and red circles in Figure 

4.3.4 a) but, interestingly, is much larger than that of the TiO2-based DSSCs (triangles 

in Figure 4.3.4 a), which shows that the electron transport through the ZSO NP 

network is much faster than it is through its TiO2 counterpart. However, all of the 

samples display a typical power-law dependence of D on n (Figure 4.3.4 a), which 

indicates an exclusive random walk of photoelectrons through multiple trapping to 

the trap sites that have a power-law distribution of waiting (release) times (WTD) in 

the form of τ−1−α, in which the WTD parameter α is related to the shape of the trap 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
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distribution and determined from the best fits of the IMPS data (0<α<1).[90-92] This 

phenomenon is very similar to that seen in conventional TiO2-based DSSCs. 

Therefore, the diffusion of photoelectrons in the ZSO NP film can also be 

approximated by Equation (3), which describes the exclusive random walk model:[90]  

                        (3) 

in which Ntot is the total density of the transport-limiting traps, n is the photoelectron 

density, and C1 is a constant. The α values of the DSSCs are calculated from the best 

fits of the IMPS data shown in Figure 4.3.4 a. The ZSO-based DSSCs show an 

identical α value of 0.16. Given that the ZSO-based DSSCs exhibit the same D and α 

values regardless of the presence of the ZnO shell layer, it can be concluded that the 

ZnO treatment (or the ZnO shell formation) does not affect the trap distribution of the 

ZSO NP films or the diffusion of photoelectrons through the ZSO NP network. 

Notably, the α value of the ZSO-based DSSCs is smaller than that of the conventional 

TiO2-based DSSCs (α=0.36), which indicates that the origin of the transport-limiting 

traps in the ZSO-based DSSCs and their distribution are quite different from that of 

the TiO2 based DSSCs. The effect of the ZnO shell layer on the electron 

recombination properties of the ZSO-based DSSCs is shown in Figure 4.3.4 b. The 

recombination time constant τr is significantly larger, which shows slower 

recombination with the ZnO shell layer. The slower electron recombination with the 

ZnO shell layer can be explained by the physical and electrical barrier layer effect. 

The formation of the ZnO shell layer physically blocks the back reaction of injected 

photoelectrons with the oxidized species (I3
−) in the electrolyte.[93] In addition, the 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
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higher conduction-band edge of ZnO than that of ZSO will form an electrical barrier 

to the electron transfer from ZSO NPs to the I3
− ions, which results in the suppression 

of the electron recombination.[94]  
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Figure 4.3.1 Photocurrent density-voltage curves measured under AM 1.5 G, at 1 

sunlight intensity for ZSO-based DSSCs with various TiCl4 treatment times (0, 3 and 

30 min). 
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Figure 4.3.2 HRTEM images of (a) bare ZSO NP and (b) ZSO/ZnO NP (ZnO 

treatment). (c) Sn 3d5/2 and Zn 2p3/2 XPS spectra of bare ZSO and ZSO/ZnO films. 
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Figure 4.3.3 Transient absorption signal for N-719 adsorbed on ZSO-NP, ZSO-

NP//ZnO, and TiO2-NP (pump wavelength 530 nm; probe 780 nm). The curves have 

been normalized at their respective maxima to compare the trends. The solid lines 

are fits with an exponential decay function. All samples were deposited on quartz 

slide glass without a compact layer.
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Figure 4.3.4 (a) Electron diffusion coefficient as a function of the photoelectron 

density for ZSO-based DSSCs without/with ZnO treatment (ZSO-NP and ZSO-

NP/ZnO) and TiO2-based DSSC (TiO2-NP). (b) The electron recombination time 

constants as a function of the Voc for bare ZSO-NP and ZSO-NP/ZnO-based DSSC 
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4.4 Photovoltaic Performance 

The photocurrent density–voltage (J–V) curves of the ZSO-based DSSCs with 

various interfacial modifications are shown in Figure 4.4.1, and the solar cell 

parameters are summarized in Table 4.4.1. The ZSO-based DSSCs with a compact 

ZSO layer are denoted as CP-ZSO/ZSO-NP in the sample legends, whereas ZnO 

represents the core–shell DSSCs. The effect of the compact layer on the J–V 

characteristics of ZSO-based DSSCs can be observed by comparing the curves 

labeled ZSO-NP (the DSSCs without the compact ZSO layer and the ZnO shell layer) 

and CP-ZSO/ZSO-NP (the DSSCs with the compact ZSO layer but without the ZnO 

shell layer). The Jsc of the ZSO-based DSSCs is increased by 22 % from 10.00 to 

12.18 mA cm−2 with the compact layer (i.e., CP-ZSO/ZSO-NP), which is in very 

good agreement with the IPCE spectra (Figure 4.2.7; 20 % increase in the expected 

Jsc). Therefore, the increased Jsc by CP-ZSO can also be attributed to the combined 

effect of the optical transmittance and the interfacial electron transfer. However, the 

compact layer has no effect on the Voc and a relatively minor effect on the fill factor 

(FF), which saw a 4 % decrease. The slightly decreased FF is believed to be 

associated with the Ohmic drop driven by the increased Jsc. As a result, the conversion 

efficiency increased by 18 % (from 4.78 to 5.62 %) with the compact layer. The effect 

of the ZnO shell layer on the J–V characteristics of the ZSO-based DSSCs can be 

observed by comparing the curves labeled ZSO-NP (the DSSCs without the compact 

ZSO layer and the ZnO shell layer) and ZSO-NP/ZnO (the DSSCs without the 

compact ZSO layer but with the ZnO shell layer). In contrast to the compact layer, 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig8
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#tbl1
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig4
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the ZnO shell layer mainly influences the Voc, which exhibits an increase of 9 % from 

0.67 to 0.73 V. One of the common reasons for the increased Voc is the negative shift 

of the band edge potential.[95, 96] In this study, however, the mechanism of the band 

edge movement does not apply because the flat band potential (VFB) of the ZSO-based 

DSSCs, which is calculated by using the Mott–Schottky plot, is essentially unaffected 

by the ZnO shell layer (Figure 4.2.8). Another known factor that influences the Voc is 

electron recombination,[97] and their relationship can be expressed by Equation (4):  

                                (4) 

in which R is the molar gas constant, T is the absolute temperature, F is the Faraday 

constant, β is the reaction order for I3
− and electrons, A is the electrode area, I is the 

incident photon flux, n0 is the concentration of electronic states in the conduction 

band, kb is the reaction constant for the back reaction of the injected electron with 

triiodide, and kr is the reaction constant for the recombination of electrons with 

oxidized dye (D+).[97] If we assume that the majority of the photoelectron 

recombination is associated with the I3
− ions [i.e., n0kr[D+] in Eq. (4) is negligible], 

the Voc will depend on 1/kb logarithmically.[98] Given that the rate constant of the 

photoelectron recombination can be qualitatively represented by 1/τr obtained from 

the IMVS measurement (Figure 4.3.4 b), the higher Voc of the ZSO-based DSSC with 

the ZnO shell layer can be ascribed to its reduced electron recombination. As a result, 

the conversion efficiency of the ZSO-based DSSCs increased by 8 % with the ZnO 

shell layer. Interestingly, the effect of each interfacial modification appears separately. 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#eqn4
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201300915/full#fig7
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If both interfaces are modified (i.e., with a compact ZSO layer and the ZnO shell 

layer), the ZSO-based DSSCs exhibit the highest conversion efficiency at 6.00 %, 

higher than the unmodified ZSO-based DSSCs by 26 %. To the best of our knowledge, 

this is the highest reported conversion efficiency of ZSO-based DSSCs and one of 

the highest efficiencies reported for non-TiO2-based DSSCs. Overall, it can be 

concluded that the deposition of the compact ZSO layer on the FTO surface improves 

the Jsc of the ZSO-based DSSCs and that the deposition of the ZnO shell layer on the 

ZSO NP surface improves their Voc. 
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Figure 4.4.1 Photocurrent density–voltage curves measured under AM 1.5 G, at 1 

sunlight intensity with a shadow mask for ZSO-based DSSCs (ZSO-NP, CP-

ZSO/ZSO-NP, ZSO-NP/ZnO, CP-ZSO/ZSO-NP/ZnO). 
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Table 4.4.1 Photocurrent density–voltage characteristics of ZSO-based DSSCs 

(ZSO-NP, CP-ZSO/ZSO-NP, ZSO-NP/ZnO, CP-ZSO/ZSO-NP/ZnO). 

Photoanode Jsc (mA/cm2) Voc (V) FF 

ZSO-NP 10.00 0.67 0.71 4.78 

CP-ZSO/ZSO-NP 12.18 0.67 0.68 5.62 

ZSO-NP/ZnO 9.56 0.73 0.74 5.18 

CP-ZSO/ZSO-NP/ZnO 11.99 0.73 0.69 6.00 
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4.5 Conclusions 

We have demonstrated general strategies to improve the performance of dye-

sensitized solar cells (DSSCs) based on Zn2SnO4 (ZSO) by modifying the fluorine-

doped tin oxide (FTO)–electrolyte and ZSO nanoparticle (NP)–electrolyte interfaces. 

The effects of the interfacial modification were investigated in detail from the 

perspective of light harvesting and electron dynamics (injection and transport). The 

deposition of a conformal ZSO thin film (blocking layer) by pulsed laser deposition 

at the FTO–electrolyte interface was found to effectively suppress the back-electron 

transfer from the FTO to the electrolyte without losing optical transmittance, which 

results in a significantly improved Jsc (from 10.00 to 12.18 mA cm−2). On the other 

hand, a TiO2 blocking layer reduced the photocurrent because of the electrical barrier 

to the electron transfer from the ZSO NPs to the FTO. The surface of the ZSO NPs 

was also modified by using a simple wet chemical route to result in a core–shell 

structure with a ZnO shell layer. With the ZnO shell layer, the open-circuit 

photovoltage (Voc) increased from 0.67 to 0.73 V and the fill factor from 0.71 to 0.74, 

mostly because of the reduced electron recombination from the ZSO NPs to the 

electrolyte. Interestingly, investigations that used intensity-modulated photocurrent 

spectroscopy and femto- and nanosecond transient absorption measurements showed 

that the charge transport/injection kinetics was not noticeably influenced by the ZnO 

shell layer. By applying each strategy of the interfacial modification simultaneously, 

the Jsc, Voc, and fill factor all increased independently, which led to a conversion 

efficiency as high as 6 %. This efficiency is, to the best of our knowledge, one of the 
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highest reported efficiencies seen in DSSCs that do not use TiO2 NPs. Furthermore, 

this work will form the basis for the development of next generation solar cells as an 

alternative to TiO2. 
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Chapter 5. Design of Zn2SnO4 Precursor via 

Hydrazine Route for Low Temperature Synthesis 

below 100 oC and Its Application to Flexible 

Perovskite Solar Cells 

 

5.1 Introduction 

Since the first application of organic–inorganic perovskite materials into solar cells 

in 2009,[8] tremendous progress has been made in this field. Recently, we have 

demonstrated the confirmed efficiencies exceeding 18% for small-sized devices.[99] 

Highly efficient perovskite solar cells (PSCs) with ignorable hysteresis mainly use 

mesoporous (mp)-TiO2 as the electron acceptor and hole barrier layer,[100-102] 

although several materials, including Al2O3,[9] ZrO2[103] and SrTiO3[104] and so on, 

have been applied as electrodes. The drawback with mp-TiO2 is that a high-

temperature process (>400 °C) is required, which prevents the use of low-cost, 

lightweight and flexible plastic substrates as they are unstable at high temperatures. 

Hence, low-temperature processable metal oxides are required for the construction of 

industrial printing processes with high-throughput production lines, in order to 

achieve the associated potential reduction in manufacturing costs.[26, 105] In 

addition, the use of plastic substrates can enable portable, conformable and 
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lightweight solar cells linked with consumer electronics. However, the PCEs of 

flexible solar cells fabricated on plastic substrates have generally been very low in 

comparison with those of PSCs fabricated on rigid substrates. 

 The first PSC using low-temperature processed metal oxide on a flexible 

substrate was demonstrated with a very low PCE of 2.62% by Mathews’s group using 

ZnO nanorods.[106] More recently, PCE of 10.2% was obtained using ZnO 

nanoparticles (NPs) deposited on polymer substrates, whereas low-temperature 

processed mp-TiO2 delivered solar cells with 8.4% efficiency.[107] Most recently, 

Jung et. al.[14] reported an efficient flexible PSC exhibiting champion PCE of 12.2% 

using a metal oxide electron transport layer; however, they used a compact TiOx layer, 

deposited by atomic layer deposition, which is not solution processable. This state-

of-the-art flexible PSC has provoked our interest in the use of other solution-

processable metal oxide to further improve the performance. However, the synthesis 

of crystalline metal oxide NPs in solution requires mostly high temperature and high 

pressure. Furthermore, it will be important to prepare the particles which have 

capabilities to form a uniform and dense layer without additional steps, in particular 

at elevated temperature. 

Zn2SnO4 (ZSO) is well known as a transport-conducting oxide for use in 

optoelectronic applications, due to its acceptable electrical and optical properties.[107] 

It is an n-type semiconductor with a small electron effective mass of 0.23 me and a 

high-electron Hall mobility of 10–30 cm2 Vs−1.[37] In addition, it has a wide optical 

band gap of 3.8 eV and a relatively low refractive index of ~2.0 in the visible 

spectrum.[41, 108] Furthermore, the conduction band edge position that is similar to 
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that of TiO2 and ZnO makes it an excellent photoelectrode in emerging solar cell 

technologies, such as PSC, dye sensitized solar cell (DSSC) and organic photovoltaic 

(OPV).[47, 74, 109] Finally, the most attractive attribute of crystalline ZSO is its 

chemical stability with respect to acid/base solution and polar organic solvents, for 

solution processing.[110, 111] However, the ZSO ternary system is not easy to 

synthesize as highly dispersed NPs, and requires rather high temperatures (>200 oC) 

to crystallize, compared with binary oxide systems (that is, TiO2, ZnO and SnO2) 

because both Zn and Sn ions must be regulated during a synthetic reaction. Generally, 

the synthesis temperature of ZSO is considerably influenced by the type of zinc 

precursor complex.[47, 48] In the conventional route, ZSO NPs are synthesized with 

a strong base, such as NaOH, via ZnSn(OH)6 intermediate phase. However, a high 

reaction temperature (>200 °C) is required for the transformation of ZnSn(OH)6 into 

crystalline ZSO.[45] Several groups have attempted to reduce the reaction 

temperature by controlling the Zn complex-precursors using -amine and -carbonate 

mineralizers, resulting in the formation of Zn(OH)4
2− and Zn5(CO3)2(OH)6.[47, 48, 

112] However, high temperatures (>150 °C) are still required for the 

dissociation/condensation process with Sn(OH)6
2−, inducing irregular shaped and 

agglomerated ZSO NPs. 

In this study, we report flexible PSCs comprised of a polyethylene 

naphthalate/indium-doped tin oxide (PEN/ITO) substrate, a low-temperature 

solution-processed ZSO layer, a CH3NH3PbI3 perovskite layer, a poly(triarylamine) 

hole conductor layer and Au as the electrode. Notably, the presence of the ZSO layer 

allowed superior transmittance in the visible regions, compared with bare flexible 
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PEN/ITO substrate. This was due to an anti-reflection effect, attributable to the low 

refractive index of ~1.37. A high PCE, exceeding 15%, with high-quantum efficiency 

was achieved. To the best of our knowledge, this PCE is the highest performance 

reported for flexible PSCs using metal oxide electrodes.[14, 106, 113] 
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5.2 Synthesis of Zn2SnO4 Nanoparticles via Zn-Hydrazine 

Complex Precursor 

The strategy for synthesizing ZSO NPs below 100 °C is schematically depicted in 

Figure 5.2.1. To synthesize highly dispersed, low-temperature ZSO NPs, the chemical 

reactions were carried out at 90 °C for 12 h, with various molar N2H4/Zn ratios. 5.2.2a 

shows the X-ray diffraction (XRD) patterns of powders synthesized at 90 °C for 12 h, 

as a function of the different molar N2H4/Zn ratios (2, 8 and 24). At a low N2H4 

concentration (N2H4/Zn=2), the only pure SnO2 phase is observed, whereas a pure 

ZSO phase with an inverse spinel structure (JCPDS 24-1470) is obtained at N2H4/Zn 

ratio=8. However, an excessive of N2H4, that is, N2H4/Zn=24, produces highly 

crystalline ZnSn(OH)6 as a secondary phase besides ZSO. It is well known that N2H4 

can act, not only as a complexing agent but also as an OH supplier by a dissociation 

reaction during the reaction process.[114, 115] Therefore, the variance in OH 

concentration caused by N2H4 can influence the formation of crystalline phases (SnO2, 

ZSO and ZnSn(OH)6). Figure 5.2.2b shows XRD patterns of the synthesized powders 

with different reaction temperature, from 80 to 95 oC, with N2H4/Zn=8. Unindexable 

peaks, denoted by ‘+’, are observed with the ZSO phase at 80 and 85 oC, whereas all 

peaks are indexed by the ZSO phase at 90 and 95 oC. The unindexable peaks (to be 

discussed later) are related to new Zn–N–H–OH complexes in this process, indicating 

that a temperature below 90 oC is insufficient to drive the dissociation/condensation 

reaction of such complex precursor for the formation of ZSO crystal. Therefore, N2H4 

concentration and reaction temperature are the key factors for synthesizing pure 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f2
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f2
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crystalline ZSO at a temperature below 100 °C. To understand the formation 

mechanism of ZSO crystals by N2H4 complexing below 100 °C, a time-dependent 

experiment was performed under certain conditions (N2H4/Zn=8 and 90 °C). Figure 

5.2.3 shows the XRD patterns of powder prepared at different reaction times. 

According to the XRD traces, before heating (0 h), peaks (●) indexed for 

Zn(N2H4)2Cl2 (JCPDS 72-0620) are dominant compared with the unindexable peaks 

(+). However, the unindexable peaks predominate over the peaks corresponding to 

Zn(N2H4)2Cl2 after 1 h of heating. The peaks corresponding to Zn(N2H4)2Cl2 

gradually disappear, whereas unindexble peaks, including the main peak at 10.7 °, 

further develop with an increase in the reaction time until 3 h, implying the 

transformation of Zn(N2H4)2Cl2 into new complex. After 5 h, most of the peaks based 

on the new complex disappear and pure ZSO crystal phases are observed with 

complete decomposition of the new complex. Also, the intensity of the ZSO peaks 

increase with an increase in the reaction time (12, 18 and 24 h), suggesting an increase 

in particle size (Figure 5.2.4). Our process was summarized in a flow chart (Figure 

5.2.5). Based on these results, it can be concluded that the formation of new complex-

precursors has a decisive effect on the low-temperature formation of ZSO crystals. 

Fourier transform infrared analysis was performed to reveal the possible 

composition of the new complex-precursors and to further study the formation 

mechanism (Figure 5.2.6). At 0 h, the characteristic peaks of Zn(N2H4)2Cl2, such as 

N–H stretching (3,188 and 3,285 cm−1), NH2 bending (1,571 and 1,607 cm−1), NH2 

twisting (1,168 cm−1) vibration and N–N stretching (976 cm−1) vibration are observed 

and are accordant with the reported values.[116] In particular, the peak at 976 cm−1 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
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appears when the N2H4 coordinates two metal ions in a bidentate bridging mode, 

which is strong evidence for the formation of a metal hydrazine complex.[117] 

Importantly, with an increase in reaction time up to 3 h at 90 °C, the N–N stretching 

(976 cm−1), the NH2 bending (1,571 and 1,607 cm−1) and the NH2 twisting 

(1,168 cm−1) peaks gradually disappear. Conversely, the N–H stretching peaks at 

3,188 and 3,285 cm−1 remain, but with small shift, and the peaks at 3,418 and 

3,516 cm−1 are much better pronounced. The peak at 3,418 cm−1 is due to stretching 

of the OH linked to the matrix, and the peak at 3,516 cm−1 is due to 

coordinated/adsorbed water molecules, respectively.[118] These results may imply 

decomposition of the zinc bishydrazine complex into a zinc ammine complex that 

includes OH- ions (Zn–N–H–OH). In addition, by energy dispersive spectroscopy 

analysis, we observe the reduction and removal of Cl- with the increase in reaction 

time from 0 to 3 h (Figure 5.2.7). These results indicate that new Zn–N–H–OH 

complex-phases are formed during the reaction, by decomposition of N2H4, removal 

of Cl− ions, and incorporation of OH− ions from initial Zn(N2H4)2Cl2 complex. As the 

reaction progresses over 6 h, all of the characteristic peaks for the Zn–N–H–OH 

complex disappear, suggesting the formation of a crystalline ZSO, which is in 

accordance with the XRD results. 

Based on the series of experiments described above, we propose a possible 

formation mechanism, as illustrated in Figure 5.2.8, to rationalize the formation of 

ZSO NPs at temperatures below 100 °C. When the hydrazine concentration is low ((i) 

route: acidic condition), H2SnO3 is produced due to the strong hydrolysis effect of 

Sn4+, which can lead to the formation of SnO2, whereas Zn2+ ions remain in the 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
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solution and are washed away after the reaction.[45] On the other hand, an appropriate 

concentration of hydrazine ((ii) route: mild alkaline condition) prevents the 

hydrolysis reaction of Sn4+, and favour the formation of Sn(OH)6
2− rather than 

H2SnO3,[111] whereas the Zn2+ ion forms a Zn(N2H4)2Cl2 complex with 

hydrazine.[119, 120] In metal-hydrazine systems, the metal/hydrazine ratio is an 

important factor for determining the composition of the hydrazine complex such as 

M(N2H4)1XCl2, M(N2H4)2XCl2 and M(NH3)XCl2.[121, 122] In our case (N2H4/Zn=8), 

Zn(N2H4)2Cl2 is the dominant form initially (at 0 h), as it is more stable than other 

compositions. As the reaction progresses, the zinc ammine hydroxo complex, Zn–N–

H–OH, is formed by the reaction of Zn(N2H4)2Cl2 with excess N2H4, and a continuous 

supply of OH-.[123] Compared with other metal complexes, the metal ammine 

hydroxo complex requires a relatively low temperature (<100 °C) for the formation 

of the crystalline metal oxide. This is due to the low-energy kinetics of metal-ammine 

dissociation and the hydroxide condensation/dehydration reaction.[124, 125] 

Therefore, we believe that Zn–N–H–OH complexes can lead to the formation of 

crystalline ZSO with Sn(OH)6
2-, even below 100 °C. However, an excess hydrazine 

((iii) route: alkaline condition) leads to the formation of ZnSn(OH)6 as a secondary 

phase. The increased pH favours the substitution of N–H with OH- in the Zn–N–H–

OH complex, resulting in the partial formation of Zn(OH)4
2-.[126] In this case, 

ZnSn(OH)6 can be produced as a secondary phase, in which the transformation of 

ZnSn(OH)6 into ZSO requires a high temperature (>200 °C).[45] As a result, both 

ZSO and ZnSn(OH)6 are formed during the 90 °C reaction. From these results and 

additional detailed experiments, we propose a rough formation map of ZSO, which 
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outlines the effects of variations in temperature and N2H4/Zn ratio, for the process 

below 100 oC (Figure 5.2.8). As shown in the map (Figure 5.2.9), an N2H4/Zn ratio in 

the range of 8–24 at a temperature of around 90 °C, leads to a crystalline ZSO phase 

without secondary phases, which is the first demonstration of the synthesis of pure 

ZSO at a low temperature (<100 °C). This mild synthesis condition is comparable to 

that of binary oxides (TiO2 or ZnO), and can provide powerful competitiveness as an 

alternative to binary oxides for various device applications. 
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Figure. 5.2.1 Schematic illustration for the formation of highly dispersed ZSO NPs 

with a reaction temperature below 100 °C. 
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Figure. 5.2.2 Powder X-ray diffractograms (CuKα radiation) of (a) different N2H4/Zn 

ratios (90 °C, 12 h), (b) different reaction temperatures (N2H4/Zn=8, 12 h). 

Unindexable peaks are denoted as (+). 
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Figure. 5.2.3 Powder X-ray diffractograms (CuKα radiation) of different reaction 

times (90 °C, N2H4/Zn=8). Unindexable peaks are denoted as (+). 

 

 

 

 

 

10 20 30 40 50 60

In
te

n
s

it
y

 (
a

.u
)

Zn(N
2
H

4
)
2
Cl

2

+

+

++ +

++

+

+

+

++

+

++

+++

+
+

+
++++ ++

+
++++++

+

+

+

++
+

+ +

24 h

18 h

12 h

6 h

5 h

3 h

1 h

2 (CuK)

0 h

Zn
2
SnO

4



94 

 

 

Figure 5.2.4 Particle size of Zn2SnO4 prepared as a function of reaction time. The 

particle size was determined by scherrer’s equation from XRD data. 
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Figure 5.2.5 Flow chart for ZSO NPs synthesis. 
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Figure. 5.2.6 FT-IR spectra of samples synthesized at different reaction times (90 °C, 

N2H4/Zn=8). Unindexable peaks are denoted as (+). 

 

 

 

 

 

4000 3000 2000 1000

1571 cm
-1

1607 cm
-1

3188 cm
-1

976 cm
-1

1168 cm
-1

3517 cm
-1

3419 cm
-1

6 h

5 h

3 h

1 h

0 h

 
T

rn
a
s
m

it
ta

n
c
e
 (

a
.u

)

 

 

Wavenumber (cm
-1

)

3285 cm
-1



97 

 

 

Figure 5.2.7 EDS spectra of samples with different reaction time.  
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Figure 5.2.8 Schematic illustration of the formation mechanism of crystalline ZSO 

NPs via a low-temperature process below 100 °C. 
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Figure 5.2.9 Formation map of ZSO with different temperature and hydrazine/Zn 

ratio. 
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5.3 Deposition of Zn2SnO4 thin film onto substrates 

Figure 5.3.1 shows representative transmission electron microscopy (TEM) images 

and selected area electron diffraction (SAED) patterns of the ZSO NPs synthesized 

at 90 °C for 12 h. The TEM image exhibits highly dispersed and defined particles 

with a narrow size distribution (~11 nm). The formation of uniform and dispersed 

NPs can be ascribed to the low reaction temperature and the formation of a stable 

precursor complex with hydrazine.[121] In addition, the high-resolution TEM image 

(inset in Figure 5.3.1a) and the SAED patterns (Figure 5.3.1b) are in agreement with 

the spinel structure of ZSO deduced from XRD patterns. Moreover, elemental 

mapping by energy dispersive spectroscopy indicates the homogeneous distribution 

of Zn and Sn elements in the NPs, as presented in Figure 5.3.2. For fabrication of 

high throughput and flexible optoelectronic applications, characterization of the low-

temperature, solution-processed ZSO film is required. We deposited ZSO film on 

fused silica substrates by spin-coating and drying at 100 °C, using the resultant 

crystalline ZSO colloidal solution. The scanning electron microscopy (SEM) images 

of the ZSO film are shown in Figure 5.3.3. The plane image (Figure 5.3.3 above) 

reveals that the surface exhibits crack-free, uniform morphology, with densely packed 

NPs (inset in Figure 5.3.3 above). The atomic force microscopy analysis (Figure 5.3.4) 

indicates the resultant ZSO film has a flat surface with a root-mean-square roughness 

of 2.07 nm. Moreover, the entire substrate surface is uniformly covered by ZSO NPs 

with a thickness of ~100 nm (Figure 5.3.3 below). Figure 5.3.5 shows the optical 

transmission spectra of a ZSO film on quartz after several coating cycles. The 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f4
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f4
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f4
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
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transmittance of ZSO films is comparable to bare fused silica substrates over the 

entire wavelength region, regardless of their thickness (various coating cycles, Figure 

5.3.6). The photograph (inset in Figure 5.3.5a) shows that the ZSO film fabricated 

from the highly dispersed ZSO colloidal solution is highly transparent. The high 

transparency can be ascribed to the optical properties of the ZSO film. Figure 5.3.5b 

shows the refractive index (n) and extinction coefficient (k) spectra for ~100-nm-

thick ZSO film deposited on a silicon substrate measured using spectroscopic 

ellipsometry. The refractive index n is significantly small around 1.37 throughout the 

entire visible range compared with the reported value of 2.0 for ZSO film.[108] 

Because the refractive index for NP film has been reported to be determined by its 

crystallinity and porosity,[127, 128] the ZSO film prepared from the low-temperature 

ZSO colloidal solution may possess low refractive index. In addition, the low 

extinction-coefficient value of nearly 0 in the visible region is in accordance with 

previously reported one.[108] The unique optical properties of the ZSO film such as 

lower refractive index (n~1.37) than SiO2 glass (n~1.5), wide band gap, and low-

extinction coefficient (k) are causes of improved transmittance of the fused silica 

substrate, even after coating with the ZSO film. These results reveal that the low-

temperature-synthesized ZSO NPs can facilitate the formation of highly transparent 

and uniform film on substrate without additional treatment. 

 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
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Figure 5.3.1 (a) TEM (inset: high-resolution TEM) and (b) SAED pattern of ZSO 

NPs synthesized at 90 °C for 12 h (N2H4/Zn=8).  
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Figure 5.3.2 EDS mapping image of ZSO NPs synthesized at 90 °C for 12 h (N2H4/Zn: 

8). 
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Figure 5.3.3 Plane view and cross-sectional SEM image of ZSO thin film (inset in 

5.3.3: high-magnification SEM image). 

 

 

 

 

 

 

 

 

 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f4
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Figure 5.3.4 3D topographical AFM image of ZSO thin film on fused silica substrate. 
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Figure 5.3.5 (a) transmittance spectra of ZSO films on fused silica substrate with four 

coating times (inset: the photograph of ZSO colloidal solution and the resultant ZSO 

film). (b) The reflective index (n) and the extinction coefficient (k) of low-

temperature processed ZSO film. 
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Figure 5.3.6 Transmittance spectra of ZSO films on fused silica substrate with 

various spin-coating times. 
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5.4 Fabrication of Zn2SnO4-based flexible PSCs and 

Photovoltaic Properties 

To demonstrate its viability for high throughput and flexible optoelectronic 

applications, ZSO film was employed, after four coating cycles, as an electron 

transport layer over PEN/ITO substrate. The ZSO film on ITO substrate, in common 

with those seen on quartz, has flat (root-mean-square: 3.76 nm) and uniform 

morphology with densely packed NPs (Figure 5.4.1). Figure 5.4.2 shows a series of 

processing steps from ZSO NPs formation to flexible solar cell fabrication. All steps 

require very simple techniques and low processing temperature below 100 °C. This 

is the first demonstration of low-temperature process for a ternary oxide electron 

transport layer to apply in PSCs, which can possibly provide an alternative to 

conventional TiO2- or ZnO-based PSCs. Figure 5.4.3 presents a colour-enhanced 

cross-sectional SEM image of the device architecture fabricated in this study and the 

corresponding energy level diagram of the device based on reported values,[74, 129] 

respectively. As shown in Figure 5.4.3a, two uniform layers, ZSO layer and a 

perovskite layer, are observed; the flat and homogeneous ZSO film with a thickness 

of 110±10 nm can lead to uniform perovskite film on the ITO/ZSO substrate by using 

pre-reported solvent-engineering technique.[100] Furthermore, the plane-view SEM 

image (Figure 5.4.4) showed that the perovskite layer on ZSO was deposited in dense 

and uniformly spread film with fine-grained morphology, which is similar with our 

previous report.[100] The fabricated flexible PSC is shown in the photograph in 

Figure 5.4.3a. Figure 5.4.3b reveals that the energy level of ZSO is similar to that of 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f6
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f6
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#f6
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TiO2, implying that it has an identical working mechanism as a TiO2-based PSCs. 

Figure 5.4.5 shows the photocurrent density–voltage (J–V) curve of the ZSO-based 

flexible PSC under simulated solar illumination (100 mW cm−2 air mass (AM) 1.5G). 

The J–V curve exhibits a short circuit current density (Jsc) of 21.6 mA cm−2, an open 

circuit voltage (Voc) of 1.05 V, and fill factor (FF) of 0.67, resulting in PCE (η) of 

15.3% with steady-state PCE of 14.85%, which is comparable to the performance of 

ZSO-based PSC, prepared on ITO glass (Figure 5.4.6 and Table 5.4.1). ZSO-based 

PSC shows the hysteresis in the J–V curves measured with reverse and forward scan 

(Figure 5.4.7a and Table 5.4.2), although it is smaller than those of our TiO2-based 

planar device reported by us.[100] However, in contrast to TiO2-based planar PSCs 

reported by other groups,[101] the stabilized photocurrent density and PCE obtained 

from ZSO NPs-based planar PSC approaches the value measured by reverse mode 

(Figure 5.4.7b). This result is consistent with that of mesosuperstructured solar 

cells.[101] We repeated the fabrication procedure to obtain a reliable and reproducible 

result. As can be seen in the histogram for the photovoltaic parameters collected from 

60 independent devices (Figure 5.4.8 and Table 5.4.3), around 40% of the cells show 

PCE over 13% with the average PCE of 13.7%. In particular, the average Jsc and Voc 

exceed 20 mA cm−2 and 1 V, respectively, which is much greater than other flexible 

PSCs based on TiO2/ZnO/PEDOT:PSS. Furthermore, the flexible device shows a 

very broad external quantum efficiency (EQE) plateau over 80% between 460 and 

755 nm, as shown in Figure 5.4.9. Integrating the product of the AM 1.5 G photon 

flux with the EQE spectrum yield a predicted Jsc of 21.2 mA cm−2, which agrees well 

with the measured value of 21.6 mA cm−2. This high EQE corresponding to a high Jsc 

http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
http://www.nature.com/ncomms/2015/150622/ncomms8410/full/ncomms8410.html#supplementary-information
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for ZSO-based PSCs reveals that the ZSO film prepared at low-temperature produces 

excellent electron collecting and light harvesting ability within the device. The high 

performance (≥15%) of flexible PSCs is first demonstrated using the newly designed, 

solution-processed ZSO film, which is superior to the reported TiO2- and ZnO-based 

flexible PSCs.[14, 113] The higher charge collecting ability might be due to the 

higher electron mobility of ZSO in nature than conventional TiO2.[41, 109] In 

addition to the high mobility of ZSO, the lower refractive index (n~1.4) of the ZSO 

film than TiO2 film (n~2.5) leads to further light harvesting gain due to the anti-

reflectance effect between ITO (n~2.0) and ZSO or TiO2 layers. Figure 5.4.10 

presents the transmittance and diffused reflectance spectra for bare PEN/ITO, 

PEN/ITO/TiO2 and PEN/ITO/ZSO substrate. Introduction of the ZSO film brings 

significant reduction of the reflectance over the entire wavelength region, resulting in 

improvement of transmittance from ~75 to ~90%. As ITO on PEN film has a lower 

refractive index than the ITO film on glass due to lower crystallinity by low-

temperature processing, reflectance loss between ITO and TiO2 for flexible substrate 

can be larger than that of glass substrate.[130] The ZSO film overcomes the poor 

transmittance caused by the flexible substrate,[131] which can lead a comparable Jsc 

with that of a device based on glass substrate. As a result, superior electrical/optical 

properties of ZSO film can improve the Jsc for flexible PSCs. In addition, we 

performed mechanical bending tests over 300 cycles. As shown in Figure 5.4.11, the 

performance of the device retains over 95% of its initial efficiency even after 300 

bending cycles. 
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Figure 5.4.1 Plane-view SEM and AFM image of ZSO film on ITO. 

 

 

 

 

 

 

 

 

 

 

RMS : ~ 3.76 nm 
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Figure 5.4.2 Schematic illustration of the low-temperature process for fabricating 

flexible device with ZSO NPs. 
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Figure 5.4.3 (a) Cross-sectional SEM image and photograph of the ZSO-based 

flexible perovskite solar cell (scale bar, 500 nm). (b) Energy levels of the materials 

used in this study. 
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Figure 5.4.4 Plain-view SEM image of perovskite layer deposited on ZSO. 
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Figure 5.4.5 Photocurrent density–voltage (J–V) curve measured by reverse scan 

with 10 mV voltage steps and 40 ms delay times under AM 1.5 G illumination.  
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Figure 5.4.6 J-V curve of the ZSO-based perovskite solar cell fabricated with an ITO 

glass substrate via all low temperature process, under AM 1.5 G illumination. The 

inset shows the stabilized power conversion efficiency at a maximum power point 

(0.83 V). 
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Figure 5.4.7 (a) Photocurrent density-voltage (J-V) curves for ZSO-based flexible 

perovskite solar cell measured by forward and reverse scans with 10 mV voltage steps 

and 40 ms delay times under AM 1.5 G illumination. (b) Steady-state current 

measured at a maximum power point (0.85 V) and stabilized power conversion 

efficiency.   
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Figure 5.4.8 Histograms of the photovoltaic parameters for the ZSO-based flexible 

perovskite solar cells. 60 independent devices were measured by reverse scan with 

10 mV voltage steps and 40 ms delay times under 1.5 G illumination and have 30 s 

of stabilization time under illumination prior to scanning. (a) Power conversion 

efficiency, (b) Short-circuit current density, (c) Open-circuit voltage, and (d) Fill 

factor. 

 

 

 

 



119 

 

 

Figure 5.4.9 EQE spectrum of the ZSO-based flexible perovskite solar cell.  
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Figure 5.4.10 Transmittance and reflectance spectra of PEN/ITO/ZSO, 

PEN/ITO/TiO2 and PEN/ITO substrate. A dense TiO2 film was fabricated by TiO2 

NPs obtained from a non-hydrolytic sol gel route.[26]  
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Figure 5.4.11 Normalized PCE of ZSO-based flexible perovskite solar cell as a 

function of bending cycles. 
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Table 5.4.1 Photovoltaic parameters of perovskite solar cell fabricated with an ITO 

glass substrate.  

 Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

ITO glass 22 1.03 69 15.7 
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Table 5.4.2 Photovoltaic parameters of flexible perovskite solar cell.  

Scan direction Jsc  

(mA/cm2) 

Voc  

(V) 

FF 

(%) 

PCE 

(%) 

Reverse  21.6 1.06 66.8 15.3 

Forward 21.4 0.99 55 11.7 
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Table 5.4.3 Average photovoltaic parameters for 60 flexible devices. 

 Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Average parameter 20.9 1.04 62.9 13.7 

Standard deviation 0.7 0.04 3.22 0.89 
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5.5 Conclusions 

A well-dispersed crystalline ZSO colloidal solution was synthesized by the 

introduction of a Zn–N–H–OH complex derived from hydrazine via simple solution 

process at 90 oC. The flat and uniform ZSO films on flexible PEN/ITO substrate were 

also fabricated by a spin-coating method using the colloidal solution with drying at 

100 oC. An n-type semiconducting ZSO film with wide band gap (3.8 eV) on flexible 

substrate has great potential for use in flexible optoelectronic devices. The resultant 

ZSO film shows a very low refractive index around 1.37 throughout the entire visible 

range, leading to improved transmittance of PEN/ITO substrate due to anti-reflection. 

The PSC using the highly transparent PEN/ITO/ZSO substrate showed high-quantum 

efficiency and a PCE of 15.3%, which is comparable to that of device based on rigid 

glass. This low-temperature synthetic method can provide a breakthrough for the 

fabrication of metal-oxide semiconductors on flexible substrate in advanced 

optoelectronic applications as a technology capable of high performance and large 

production. 
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Chapter 6. Rational Design of Zn2SnO4 Electron 

Collection Layer for Highly Efficient Flexible 

Perovskite Solar Cells 

 

6.1 Introduction 

Since 2009, hybrid organic/inorganic perovskite solar cells (PSCs) have 

received much attention for their potentially low fabrication cost and high conversion 

efficiency.[8, 9] Recently, we have reported certified power conversion efficiencies 

(PCEs) of PSCs exceeding 20 % for devices.[132] With the tremendous progress in 

PCEs over the last few years, many research groups have focused on the development 

for flexible PSCs, which can be applicable to the high-throughput production such as 

roll-to-roll processes.[14, 133, 134] However, flexible PSCs fabricated using low 

temperature processes (around 100 oC) have exhibited lower device performance than 

expected because extreme processing condition (over 500 oC) are required to deposit 

high-quality electron collection layers (ECLs) in PSCs.  

Generally, when TiO2 layer prepared at low temperatures (around 100 oC) 

is used as the ECL to fabricate flexible PSCs, the PSCs show a very low PCE (around 

10 %), because of the inferior crystallinity and connection between grains in the TiO2 

layer, which results in poor electron collection.[26, 135-137] Recently, several groups 

have successively demonstrated high performance PSCs that fabricated at low 
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temperatures (~ 150 oC) using [6,6]-phenyl C61 butyric acid methyl ester (PCBM) as 

an alternative to TiO2.[136, 138] Although PSCs fabricated at low temperature (~ 150 

oC) using PCBM achieved a PCE of over 15 % on a rigid substrate, its use in flexible 

devices resulted in poor performance and low reproducibility11. Therefore, 

alternative materials to ECL such as TiO2 and PCBM should be developed to allow 

fabrication of efficient flexible PSCs. Very recently, we reported that Zn2SnO4 (ZSO) 

is a promising ECL candidate in the fabrication of efficient flexible PSCs.[139] The 

high performance of over 15 % was mainly attributed to the anti-reflection effect and 

superior electron transport by the ZSO layer deposited on the polymer substrate, 

although the layer was formed at a low temperature (i.e., below 100 oC). However, it 

is necessary to further improve the performance to match that of high-temperature-

processed PSCs. 

In the operation of a PSC, the perovskite layer absorbs photon and 

generates excited electrons and holes. Subsequently, the excited photoelectrons reach 

the electron-collecting electrode (i.e., indium tin oxide called ITO) through the ECL 

with two relevant interfaces of perovskite/ECL and ITO/ECL. Therefore, the ECL in 

flexible PSCs should be designed such that it minimizes the electron transport 

resistance within ECL and the electron transfer barrier at two interfaces of the 

perovskite/ECL and ECL/ITO. Many research groups have reported interface 

engineering techniques that insert additional charge extraction layers so as to enhance 

both charge carrier extraction and the built-in potential at the electrode/perovskite 

interface, thus resulting in improved PCEs in low-temperature-processed PSCs.[138, 

140, 141] However, their efficiencies when applied to flexible devices are 
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significantly lower than that of rigid devices. The relatively poor performance shown 

in flexible devices is mainly ascribed to the poor transmittance,[13, 139] and poor 

charge collection due to higher work function of ITO on a polymer substrate and low 

interconnectivity between grains in a low-temperature-processed ECL.[137, 142] 

Therefore, it is important to design a new type of ECL with a simple fabrication 

process that can minimize the electron loss in ECL and related interfaces and 

overcome the problems caused when using a flexible substrate.   

In this study, we propose strategies to design ECL for efficient flexible PSCs. 

The developed structure leads to natural electron flow from perovskite to ITO, using 

two types of ZSO nanoparticles (NPs) tuned at the energy level. The energy level of 

ZSO NPs was tuned by controlling their particle sizes, we call quantum dots (QDs) 

if they are small enough to exhibit quantum confinement effects. Relatively large 

ZSO NPs are beneficial for minimizing the loss of electrons transferred from 

perovskite layer in ZSO ECLs or at the ZSO/ITO interface, whereas ZSO QDs lead 

to a large built in potential (Vbi), which determine the open-circuit voltage (Voc), at 

the ZSO QDs/perovskite interface owing to its low work function. Because the 

reduced loss of photo-generated electrons results in an increase of short-circuit 

current density (Jsc) and fill factor (FF), two types of ZSO NPs can be combined to 

design effective ECLs to simultaneously enhance Jsc, FF, and Voc. We found that the 

ECL designed by combining the features of ZSO QDs and NPs is highly beneficial 

for improving the overall performance of flexible PSCs. The ECL enabled the 

fabrication of a flexible PSC with a 16.5 % in PCE under one-sun illumination with 

high reproducibility. This is the highest efficiency ever reported for flexible PSCs. 
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6.2 Synthesis of Zn2SnO4 Nanoparticles: Control of 

Nanoparticle Size and Energy Level 

Figure 6.2.1 shows a schematic illustration of the design strategy for ZSO 

ECL to fabricate efficient flexible PSCs. To effectively collect photo-generated 

electrons, the ZSO ECL and related interfaces were controlled by consecutively 

depositing multi- layers of ZSO NPs and QDs. At ITO/ZSO interface, highly 

crystalline ZSO NPs with a high work function on ITO can reduce the height of the 

Schottky barrier at the ITO/ZSO interface compared to the ECL with a low work 

function. Furthermore, their large size and high crystallinity can facilitate electron 

transport between ZSO nanoparticles, particularly in the case of using a low-

temperature process. At ZSO/perovskite interface, the introduction of ZSO QDs with 

a low work function can lead to a large value of Vbi at the ZSO/perovskite interface, 

which improves the output voltage of the PSCs. The combination of two different 

ZSO layers can minimize the loss of photo-generated electrons that is caused by a 

low-temperature-fabricated ECL and related interfaces, and can effectively mitigate 

the problems associated with flexible PSCs. 

To demonstrate our strategy, first, ZSO NPs and QDs were synthesized 

using hydrazine-assisted hydrothermal method at 120 C, 140 C and 200 C12. The 

detailed procedure is provided in the experimental section. Figure 6.2.2 compares the 

X-ray diffraction (XRD) patterns of powders synthesized at different temperatures 

(120, 140 and 200 °C). All patterns closely match with those of the ZSO phase of the 

inverse spinel structure (JCPDS 24-1470) without any impurity phases. As the 
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reaction temperature rises from 120 °C to 200 °C, the full width of half maximum 

(FWHM) of the (311) diffraction peak at 2θ=34.3 ° decreases, indicating an increase 

in particle size. Figure 6.2.3 presents the particles size distribution and the average 

size of ZSO synthesized at 120, 140 and 200 oC. At 120 °C, the synthesized particles 

show a narrow distribution with an average particle size of 5.7 nm. As the reaction 

temperature increases to 200 C, the particle size distribution widens and the average 

size increases to 19.2 nm. To understand the relationship between the particle size 

and the energy level, the optical absorbance of synthesized ZSO particles is 

investigated using UV-Vis absorption measurement. As shown in Figure 6.2.4, the 

UV-vis spectra have a clear red shift with an increase in ZSO particle size. To 

determine the band gap more exactly, the optical band gaps are estimated using the 

obtained UV-vis spectra and Tauc’s formula for direct-band gap semiconductor, 

(ανh)2= A(hν-Eg),[143] where α, ν and Eg are the absorption coefficient, frequency 

and band gap, respectively. The calculated band gaps (shown in the inset of Figure 

6.2.4) decrease from 3.99 to 3.77 eV with an increase in particle size from 5.7 to 19.2 

nm. Interestingly, the band gap energy of 3.99 eV at 5.7 nm is significantly larger 

than the previously reported band gap values (3.7-3.8 eV),[47, 143] which can be 

attributed to quantum confinement effects. Here, we denoted as QDs, NPs and NPs 

for the 5.7 nm, 9.3 nm and 19.2 nm particles, respectively. Furthermore, the ZSO 

films composed of ZSO NPs or QDs are fabricated as an ECL on ITO glass using 

continuous six-cycle spin-coating. As shown in Figure 6.2.5, the resultant ZSO films 

have superior transmittance to that of a bare ITO substrate because of the low 

reflectance at the ITO/ZSO interface caused by its low refractive index (n = 1.4) and 
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wide band gaps.[139] As previously reported by our group, the reduction of reflection 

at the ITO/ZSO interface increases the capture of incident light which can increase 

the light harvesting gain in PSCs. Additionally, this mechanism mitigates the inferior 

transmittance of the polymer substrate. 
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Figure 6.2.1 Schematic illustration of minimization strategy for photo-generated 

electron loss. 
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Figure 6.2.2 XRD patterns of ZSO NPs obtained at 120, 140 and 200 oC. 
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Figure 6.2.3 (Particle size distribution histogram of ZSO NPs obtained at 120, 140 

and 200 oC. 
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Figure 6.2.4 UV-vis absorption spectra (inset: band gap) of ZSO NPs obtained at 120 

140, and 200 oC. 
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Figure 6.2.5 Transmittance and diffused reflectance spectra of ZSO films 

composed of QDs (5.7 nm), NPs (9.3 nm) and NPs (19.2 nm) on ITO glass 

substrate. 
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6.3 Design of Zn2SnO4 Electron Collection Layer 

To confirm the effect of particle size and energy level on device performance, 

ZSO films composed of various-sized ZSO particles (5.7 to 19.2 nm) are fabricated 

as an ECL on indium tin oxide (ITO) glass by continuous 6 cycle spin-coating without 

dry process. This simple process without dry process can help the reproducible 

fabrication of film on glass substrate and further flexible substrate. For experimental 

convenience, a rigid substrate was used before using the flexible substrate. 

Figure 6.3.1 shows representative scanning electron microscopy (SEM) 

images of the device architecture for NPs film and QDs film. The flat, homogeneous 

ZSO films with a thickness of 110±10 nm are deposited using six-cycle spin-coating, 

which can deposit dense, uniform perovskite films using our solvent-engineering 

technique.[100] All devices with various-sized ZSO particles have a similar thickness 

of 110±10 nm and 360±10 nm for ZSO and perovskite layer, respectively (Figure 

6.3.1). First, the performance of PSCs based on various sized ZSO particles is 

compared to evaluate the innate characteristics of ZSO QDs and NPs. As shown in 

Figure 6.3.2, the ZSO NP (19.2 nm)-based PSC produces a higher PCE of 16.2 %, 

than the QD-based PSC showing PCE of 11.4 %. With the increase in particle size 

(from 5.7 nm to 19.2 nm), the Jsc increased from 20.2 mA/cm2 to 21.96 mA/cm2. In 

the case of the low-temperature process (below 100 oC), the particle size and 

crystallinity have a strong effect on electron collection because interconnectivity (the 

necking of NPs) between individual NPs is insufficient. Therefore, highly crystalline, 

relatively large NPs are advantageous for electron collection, especially for low-
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temperature-processed films, which is one of the major contributions to enhanced 

Jscvalues.[135] However, when ZSO QDs are employed as an ECL, many interfaces 

between particles are generated, which can create a barrier to electron transport, 

resulting in a low value of Jsc. Furthermore, the FF of the ZSO-NP-based PSC with 

increase of particle sizes shows a significant increase, from 53.7 % to 73.4 %, 

compared to the ZSO-QD-based PSC. In order to investigate the effect of particle size 

on FF, impedance spectroscopy (IS) analysis is performed under 1 sun illumination. 

From Nyquist plots (Figure 6.3.3), the diameter of the semicircle for the ZSO-NP-

based PSC in high frequency regions significantly decreases with the increase of 

particle size, relative to that of QD-based PSC, which results in reduced value of 

series resistance (Rseries) in the device.[144] The reduction in Rseries is due to improved 

electron collection by highly crystalline ZSO NPs in the ECL, because all layers in 

the PSCs are identical except ZSO layer.[137] Furthermore, because the highly 

crystalline ZSO NPs have a higher work function than that of the ZSO QDs (it will 

be shown later), they can reduce the formation of energy barriers at the ITO/ZSO 

interface, which can facilitate electron transfer from the ZSO to the ITO, reducing 

Rseries, and therefore improving FF.[25, 77, 137]   

In contrast to Jsc and FF, ZSO QDs ECL has advantage for the Voc that 

exhibits higher value of 1.05 V than 1.01 V in ZSO NPs ECL. From Mott-Schottky 

analysis (Figure 6.3.4a), the Vbi at the ZSO QD/perovskite and ZSO NP/perovskite 

junction can be obtained (Figure 6.3.4b). The Vbi are monotonically increased with 

the reduction of particle size from 19.2 to 5.7 nm. Especially, Vbi at the ZSO 

QD/perovskite junction is approximately 0.1 V higher than that at the ZSO NP (19.2 
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nm)/perovskite junction. Generally, a decrease in particle size causes an increase in 

the band gap, i.e., a negative shift of the conduction band edge, which can accompany 

Fermi level shift to more negative potential.[145] Therefore, a large value of Vbi can 

be obtained at the ZSO QD/perovskite junction, because Vbi corresponds to the 

difference in the work function (Fermi level) between the two sides (ZSO and 

perovskite).[30] A large value of Vbi can efficiently increase the separation of the 

photo-generated carriers and extend the depletion region, resulting in efficient 

suppression of back electron transfer from the ZSO to the perovskite, and therefore, 

contributing to the large output voltage of solar cells.[31, 146] Furthermore, the dark 

J-V curves (Figure 6.3.5) reveal that the ZSO-QD-based PSC suppresses the dark 

current (i.e., the back-electron transfer), shifting its onset toward a higher forward 

bias. By fitting the dark J-V curves using the non-ideal diode equation, Jd = 

J0[exp(qV/mkT)-1] where q is the elementary charge, V is the applied voltage, k is the 

Boltzmann constant, T is the temperature, m is the diode ideality factor, and J0 is the 

dark saturation current density, the m and J0 are can be obtained (Figure 6.3.6). 

Compared to the NP-based PSCs, the value of J0 of the ZSO-QD-based PSC 

decreases with a slight increase in m, which correlates with a higher Voc value.[147] 

However, the ZSO-QD-based PSC has a lower Voc value than expected, despite the 

reduction of J0 caused by the large value of Vbi. This voltage drop is due to the loss 

of photo-generated electrons in QD layer, i.e., poor electron transport. Therefore, it 

can be concluded that a proper design of ECL with the control of the particle size and 

its energy level can open up new possibilities for improving the performance of 

flexible PSCs.  
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Figure 6.3.1 Cross-sectional SEM images of the PSCs-based on (a) QD layer (5.2 

nm), (b) NP (9.3 nm) and (c) NP layer (19.2 nm).   
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Figure 6.3.2 J–V curves of PSCs-based on QD layer (5.2 nm), NP (9.3 nm) and (c) 

NP layer (19.2 nm) measured by reverse scan with 10 mV voltage steps and 40 ms 

delay times under AM 1.5 G illumination.  
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Figure 6.3.3 Nyquist plots of PSCs based on ZSO QD layer and NP layers with DC 

bias of V = 0.1 V under 1 sun illumination. The semicircle in a high frequency region 

is associated with the selective contact (ZSO) or interfaces of this contact, which 

contributes to the series resistance (Rseries) 
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Figure 6.3.4 (a) Mott-Schottky analysis at 1 kHz of PSCs based on ZSO QD layer 

and NP layers and (b) Vbi extracted from mott-schottky analysis. From the x-intercept 

of the linear regime in the Mott-Schottky plots (left figure), the built-in potential (Vbi) 

at the ZSO/perovskite junction is obtained where Vbi corresponds to the difference in 

the work function (Fermi level) between the two sides (ZSO and perovskite). 
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Figure 6.3.5 Dark current density curves of PSCs based on ZSO QD layer and NP 

layers. 
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Figure 6.3.6 Dark saturation current (J0) and ideality factor (m) of perovskite solar 

cells based on ZSO QD layer and NP layer. The J0 and m values are calculated from 

the best fits of the dark current density-voltage curves using non-ideal diode equation, 

i.e., Jd = J0[exp(qV/mkT)-1]. 
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Table 6.3.1 Photovoltaic parameters of PSCs based on ZSO QD layer and NP layers. 

 Jsc (mA/cm2) Voc (V) FF η (%) 

QDs (5.7 nm) 20.2 1.05 0.54 11.2 

NPs (9.3 nm) 21.7 1.04 0.66 14.8 

NPs (19.2 nm) 21.9 1.01 0.73 16.2 
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6.4 Photovoltaic Properties of Zn2SnO4 based Flexible PSCs 

Based on the respective distinct characteristics of ZSO NPs and QDs in 

devices, we designed novel ZSO ECLs (Figure 6.4.1a). First, to reduce the energy 

barrier at the ITO/ZSO interface, highly crystalline NPs with a high work function 

are deposited directly onto the ITO. The collection layer is based on highly crystalline 

NPs, because of their superior electron collection capabilities (minimum three-cycle 

coating was used). Second, to obtain a large Vbi value at the ZSO/perovskite junction, 

ZSO QDs with a low work function are deposited on the pre-deposited ZSO NP layer. 

The thickness of the two types of layers is controlled by their respective coating 

cycles, where 5-cycle-NPs/1-cycle-QDs, 4-cycle-NPs/2-cycle-QDs, and 3-cycle-

NPs/3-cycle-QDs are denoted as (5), (4), and (3), respectively. As shown in Figure 

6.4.1b and Table 6.4.1, benefiting from the inserted ZSO QDs layer, the efficiency of 

device (5) increases to 17.1 %, which surpasses the performance of the NP-based-

device (2). The Voc of device (5) is increased to 1.06 V, which is as high as that of 

QD-based device (1). The insertion of the QD layer results in a large value of Vbi at 

the ZSO/perovskite junction, which effectively suppresses the back electron reaction 

from ZSO to perovskite, resulting in an improved value of Voc. Interestingly, although 

the QD layer is inserted into the ECL, the high level of Jsc and FF are maintained 

because a highly crystalline NP layer dominates the electron transport path in the 

designed ECL. Therefore, superior, stable electron collection with a large value of Vbi 

at the ZSO/perovskite junction can be obtained using the newly designed ZSO ECL. 

However, as the thickness of the QD layer in the ECL increases, i.e., in device (3) and 
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(4), Jsc and FF significantly decrease with a relatively slight drop in Voc compared 

with device (5). When the QD layer dominates the electron transport path in the 

collection layer, the loss of photo-generated electrons significantly increases because 

of its high electrical resistance, which can cause poor device performance despite the 

increase in Voc due to a large value of Vbi.  

 To further improve the device performance and stability in ambient 

atmosphere, MAPb(I0.9Br0.1)3 is employed with designed ZSO ECL (1), as we 

previously reported.[100, 129] Figure 6.4.2 shows the J-V curve of the PSC consisting 

of ITO/designed-ZSO (1)/MAPb(I0.9Br0.1)3/PTAA. The Jsc value is decreased to 21.24 

mA/cm2, whereas the Voc increases from 1.06 to 1.11 V with a high FF over 0.74, 

resulting in a PCE of 17.6 % a steady-state PCE of 17 % (Figure 6.4.3). All of the 

solar cell parameters surpass the values of the planar TiO2/MAPb(I0.9Br0.1)3 

PSCs.[100] This phenomenon is ascribed to the favorable energy level alignment of 

the designed ZSO ECL, which is based on superior transmittance and electron 

collection ability. Based on the ECL with the best performance, we fabricated flexible 

PSCs. As shown in the J-V curve in Figure 6.4.4, the relevant device parameters for 

the best performing cell are Jsc 20.4 mA·cm-2, Voc 1.1 V, FF 0.73, yielding a PCE of 

16.5 %; hysteresis in the J-V curves was measured using reverse and forward scan 

(Figure 6.4.5 and Table 6.4.2). Additionally, in spite of hysteresis in the J-V curves, 

the stabilized efficiency approaches the value measured by reverse scan, reaching 

16.0 % (Figure 6.4.6). To the best of our knowledge, a PCE of 16.5% is the highest 

efficiency that has been obtained for flexible PSCs to date. Interestingly, all 

photovoltaic parameters for Jsc, Voc, and FF exceed 20 mA/cm2, 1.1 V and 0.70, 
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respectively, which are equivalent to that of glass substrate-based PSCs. Here, we see 

from other results that there is a large drop in the PCE, when a low temperature 

process using TiO2, ZnO, PCBM, and PEDOT:PSS charge-collection layers is applied 

to flexible PSCs.[134, 138] Additionally, we measured the work function for four 

commercial ITOs on glass and PEN substrate using photoelectron spectroscopy (PES). 

As shown in Figure 6.4.7, the average work function of ITO/PEN (4.79 eV) is higher 

than that of ITO/glass (4.69 eV). The higher work function for ITO/PEN leads to 

higher Schottky barrier at the junction between ECL and ITO than ITO/glass, which 

is likely to lower FF in flexible PSCs.[14, 138] The designed ZSO ECL can contribute 

to reduce the Schottky barrier caused by a high work function. Therefore, rational 

design of the ECL leads to unprecedented flexible device performance of over 16 % 

based on the improvement of all photovoltaic parameters (Jsc, Voc and FF). Moreover, 

as shown in Figure 6.4.8, high-performance flexible devices with average PCEs more 

than 15.0 % can be produced with a small deviation in the PCE. The designed ZSO 

ECL can be easily fabricated using a simple solution process without any dry 

processes or additional treatments in ambient air conditions; this leads to high 

reproducibility, comparable to that of PSCs based on a rigid substrate (Figure 6.4.9). 
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Figure 6.4.1 (a) Schematic illustration of ZSO ECLs designed by incorporating ZSO 

NPs and QDs, and (B) corresponding J-V curves. 
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Figure 6.4.2 J-V curves of the PSC based on designed-ZSO-ECL/CH3NH3(I0.9Br0.1)3 

measured by reverse scans with 10 mV voltage steps and 40 ms delay times under 

AM 1.5 G illumination. 
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Figure 6.4.3 Stabilized PCE of the PSC based on designed-ZSO-

ECL/CH3NH3(I0.9Br0.1)3 measured close to the maximum power point (~0.926 V).  
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Figure 6.4.4 J-V curve of flexible PSC based on ZSO ECL designed by incorporating 

NPs and QDs ((5) ECL). 
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Figure 6.4.5 J-V curves of the flexible PSC based on designed-ZSO-

ECL/CH3NH3(I0.9Br0.1)3 measured by forward and reverse scans with 10 mV voltage 

steps and 40 ms delay times under AM 1.5 G illumination. 
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Figure 6.4.6 Stabilized PCE of the flexible PSC based on designed-ZSO-

ECL/CH3NH3(I0.9Br0.1)3 measured close to the maximum power point (~0.916 V). 

 

 

 

 

 

 

 

 

 



156 

 

 

Figure 6.4.7 Average PES spectra for four ITOs on a PEN substrate. 
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Figure 6.4.8 Histogram of solar cell efficiencies for the 24 designed ZSO ECL-based 

flexible PSCs.  
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Figure 6.4.9 Histogram of solar cell efficiencies for the 24 designed ZSO ECL-based 

rigid PSCs. 
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Table 6.4.1 Photovoltaic parameters of designed ZSO-ECL-based perovskite solar 

cells. 

 Jsc (mA/cm2) Voc (V) FF η (%) 

(1) 20.2 1.05 0.54 11.2 

(2) 21.9 1.01 0.73 16.2 

(3) 20.6 1.03 0.67 14.2 

(4) 21.1 1.04 0.71 15.6 

(5) 21.8 1.06 0.74 17.1 
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Table 6.4.2 Photovoltaic parameters of a flexible perovskite solar cell. 

 Jsc (mA/cm2) Voc (V) FF η (%) 

Reverse 20.4 1.1 0.73 16.5 

Forward 20.3 1.09 0.56 12.4 
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6.5 Conclusions 

In this study, we have demonstrated performance improvement for flexible 

PSCs by employing a newly designed ZSO ECL. The ECL formed by sequential 

deposition of ZSO QDs and NPs on a flexible substrate at low temperature (below 

100 oC), exhibited effective electron collection in the ECL and related interfaces and 

high transmittance of incident light. The best performing cell, fabricated using 

MAPb(I0.9Br0.1)3, had a PCE of 16.5% under standard conditions (AM 1.5 G, 100 mW 

cm−2), with a metal mask. This is, to the best of our knowledge, the highest reported 

efficiency for flexible PSCs. This result will form the basis for the development of 

low temperature processed flexible PSCs, and stimulate the low-cost mass production 

of PSCs. 
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Chapter 7. Conclusion 

The aim of this dissertation is to synthesis and design crystalline zin tin oxide 

(Zn2SnO4) semiconductor via low temperature process for high performance flexible 

perovskite solar cells (PSCs). Due to its superior optical/electrical properties in solar 

cells, the Zn2SnO4 (ZSO) was selected and investigated as electron collection material 

(ECM) in PSCs. This dissertation focuses on design of ZSO precursor for 

synthesizing the ZSO below 100 oC and design of photo-electrode for further 

improving the performance of flexible PSCs.  

To evaluate the potential to application into solar cells, the ZSO was investigated as 

an electron collection materials (ECM) by employing dye sensitized solar cells 

(DSSCs) as a model device. Two strategies were proposed to improve the 

performance of ZSO-based DSSCs involving interfacial engineering/modification of 

the ZSO ECM. First, a conformal ZSO thin film (blocking layer) was deposited at the 

fluorine-doped tin oxide–electrolyte interface by pulsed laser deposition (PLD) 

method, which suppressed the back-electron transfer effectively while maintaining a 

high optical transmittance, and thus resulted in a 22 % improvement in the short-

circuit photocurrent density. Second, surface modification of ZSO nanoparticles (NPs) 

resulted in an ultrathin ZnO shell layer, a 9 % improvement in the open-circuit voltage, 

and a 4 % improvement in the fill factor because of the reduced electron 

recombination at the ZSO NPs–electrolyte interface. The ZSO-based DSSCs 

exhibited a faster charge injection and electron transport than their TiO2-based 

counterparts, and their superior properties were not inhibited by the ZnO shell layer. 
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Each interfacial engineering strategy could be applied to the ZSO-based DSSC 

independently to lead to an improved conversion efficiency of 6 %, which indicates 

their feasibility for highly efficient DSSCs and further PSCs.  

To apply to flexible PSCs, a new route for an all low temperature (< 100 °C) 

fabrication of highly dispersed Zn2SnO4 nanoparticles (NPs)/thin film was 

investigated. First, ZSO NPs was synthesized with a hydrazine as a controller of Zn 

precursor, which dramatically reduced the reaction temperature of Zn2SnO4 up to 

90 °C. Based on systematical analysis, it was founded that the designed precursor 

with hydrazine have low-energy kinetics of for condensation/dehydration reaction 

compared to conventional Zn2SnO4 precursors. Furthermore, the use of resultant 

Zn2SnO4 NPs dispersed in alcoholic solution enabled the formation of highly 

transparent and dense film on rigid and flexible substrate. When the film was applied 

to flexible perovskite solar cell, it operated as dual function layer, i.e., electron 

transport layer and anti-reflection layer where this is a first example as a multi-

functional film in perovskite solar cells. The flexible solar cell showed remarkable 

photovoltaic performance with a power conversion efficiency up to 15.3 %, which is 

comparable to perovskite solar cell based on rigid substrate and the highest efficiency 

reported to date for flexible based perovskite solar cells, surpassing the existing TiO2 

based flexible PSCs.,  

To enhance electron collection through the electron pathway in PSCs, and thereby, to 

fabricate highly efficient flexible PSCs, electron collection layer (ECL) based on ZSO 

was designed using Zn2SnO4 (ZSO) nanoparticles (NPs) and quantum dots (QDs) 
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tuned at the energy level. Based on elecetrochemical impedance spectra (EIS), 

capacitance-voltage and dark current analysis, it was founded that the newly designed 

ZSO ECL minimizes the loss of photo-generated electrons at ZSO/ITO interface and 

ZSO/perovskite interface due to its high built in potential at ZSO/perovskite interface 

and reduced schottky barrier at ITO/ZSO interface. The designed ECL leads to 

fabrication of significantly improved flexible PSCs with a power conversion 

efficiency of 16.5 % under air-mass 1.5 global (AM 1.5G) illumination of 100 mW 

cm–2 in intensity, which surpasses the performance of all flexible solar cells.   

This thesis provides an effective solution for the faced problems in conventional 

flexible PSCs, and further opens up a new way for the development of flexible devices 

such as solar cells, light emitting diodes and thin film transistors, and low-cost mass 

production of flexible devices.   
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초   록 

전기적 광학적 성질이 뛰어난 금속 산화물 반도체는 디스플레이, 차세대 태양

전지 같은 광전자 소자에서 전자와 홀을 전달하는 물질로 상당히 많은 연구가 

진행되고 있다. 특히, 저온에서 용액공정을 통하여 유연한 기판위에 금속 산화물 

반도체를 형성시키는 기술 개발은 roll-to-roll 공정을 통한 대면적화 및 대량

생산을 가능하게 하여 제조단가를 낮추므로 차세대 광전자소자 개발에 있어서 

상당히 중요하다. 특히, 다양한 광전자 소자들 중에서 무한한 태양에너지를 기반

으로 지속적인 에너지 공급과 동시에 환경 문제 해결에 있어 상당히 유용한 태

양전지는 이러한 금속 산화물 반도체를 기반으로 하기 때문에 이와 관련된 기술

을 개발하는 것이 태양전지 개발의 핵심이라고 할 수 있다. 하나의 예로써 최근 

페로브스카이트 태양전지는 낮은 제조단가와 20% 이상의 높은 효율 때문에 상

당히 많은 관심을 받고, 연구되고 있다. 그러나 500도 이상의 고온공정을 이용

할 때와는 달리 저온공정을 통하여 유연기판에 태양전지를 제작할 경우 그 효율

은 10% 수준이며, 고온공정에 비해 상당히 낮다. 이는 페로브스카이트 태양전

지에서 주로 쓰이는 TiO2 가 결정화 되고, 우수한 전기적 특성을 갖기 위해서는 

500도 이상의 고온을 요구하기 때문이다. 그러므로 이를 해결하기 위해서는 저

온에서 결정화가 가능하며, 전기적 광학적 성질이 뛰어난 금속 산화물 반도체를 

개발하는 것이 상당히 중요하다. 또한 금속 산화물 반도체는 페로브스카이트 태

양전지에서 투명전극, 홀 전달층 및 페로브 스카이트 광흡수체와 상당히 많은 

계면을 형성한다. 그러나 이러한 계면은 태양전지가 구동될 때 재결합 센터로 

작용하고, 특히 저온공정의 경우 계면에서 전자의 재결합이 상당히 크기 때문에, 
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저온 공정을 이용한 고효율 플렉서블 태양전지를 제작할 경우 이러한 계면을 제

어하는 기술 개발이 요구된다.  

본 연구는 기존의 TiO2를 대체하기 위한 금속 산화물 반도체로 삼성분계 복

합 산화물 중 하나인 Zn2SnO4를 도입하여 유연한 태양전지 개발 연구를 진행하

였다. 먼저 모델 디바이스로 염료감응 태양전지를 도입하여, Zn2SnO4의 광전극

으로써의 가능성을 평가하였다. 특히 이들의 광학적 특성, 전자 수집 능력 및 전

자 홀 재결합 억제에 대하여 집중적으로 연구하였다. 이러한 연구를 진행하기 

위하여 펄스 레이져 증착법 (Pulsed Laser Deposition) 을 이용하여 투명 전극 

위에 Zn2SnO4 박막을 합성하였고, 전자 전달 층을 형성하기 위하여 수열 합성

법으로 합성한 Zn2SnO4 나노입자를 이용하여 다공성 막을 형성시켰다. 특히 투

명 전극 위에 Zn2SnO4 박막은 기존의 TiO2 박막보다 더 우수한 광 투과 및 전

자 홀 재결합 억제 특성을 갖는다는 것을 확인하였다. 또 한 Intensity 

modulated photocurrent spectroscopy 분석을 통해 다공성 Zn2SnO4 막이 

TiO2에 비해 상당히 우수한 전자 수송 능력을 보인 다는 것을 확인 할 수 있었

다. 또한 이들의 계면을 제어할 경우 전자 홀 재결합이 더 억제되어, 전자의 수

명이 상당히 증가하는 것을 확인 할 수 있었다. 이렇게 도입된 Zn2SnO4 기반의 

염료감응 태양전지의 광전변환 효율은 TiO2 기반의 태양전지에 근접하는 수준

에 이르렀으며, 특히 광 투과도 및 전자 수집능력은 TiO2를 뛰어넘는 수준임을 

확인하다.  

둘째로, 새로운 Zn2SnO4 합성법을 개발하여, 100도 이하의 저온공정으로 나

노입자 및 막을 합성했으며, 이를 실제로 유연기판을 기반으로한 태양전지에 적

용하여, 그 가능성을 평가하였다. 먼저 금속 산화물 반도체의 상 합성 온도는 금
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속 산화물 전구체의 형태에 따라 상당히 영향을 받는 다는 점에 착안하여, 하이

드라진을 이용하여 새로운 형태의 금속 산화물 전구체를 디자인하였고, 이를 통

해 100도 이하에서 Zn2SnO4를 합성하는데 성공하였다. 또한 다양한 분석들을 

통하여, 가능한 전구체의 형태와 그에 따른 저온 합성 메커니즘을 제시하였다. 

또한 합성된 Zn2SnO4 나노 입자를 이용하여 100도 이하에서 반사 방지 효과에 

의해 기존의 투명전극보다 더 우수한 투과 특성을 보이는 막을 형성 시킬 수 있

었다. 이렇게 저온 공정으로 제작 된 Zn2SnO4를 실제로 유연소자 기반의 페로

브스카이트 태양전지에 적용하였고, 그 특성을 평가한 결과, 기존의 TiO2를 기

반으로 한 태양전지에 비해 상당히 뛰어난 성능을 나타냄을 확인 할 수 있었다. 

이러한 결과는 저온 공정임에도 TiO2보다 뛰어난 전자 수송 능력 및 우수한 광 

투과 특성에 의하여 기인 되는 것으로 보인다.     

   마지막으로 에너지 레벨이 제어 된 다양한 사이즈의 Zn2SnO4를 이용하여, 각

각의 계면에서 전자 손실을 최소화 시키는 전자 수집 층을 디자인 하였고, 이를 

통해 우수한 특성의 플렉서블 페로브스카이트 태양전지를 제작하는데 성공하였

다. 이를 위하여 먼저 합성 조건을 조절하여 Zn2SnO4의 입자 사이즈를 조절 하

였고, 이를 통하여 Zn2SnO4의 에너지 레벨을 제어 할 수 있었다. 또한 이상적인 

전자 수집 층을 디자인 하기 위하여 투명전극 및 페로브스카이트 광 흡수 층과

의 계면에서 에너지 적으로 선호되는 Zn2SnO4를 증착 하였고, 그 결과로 투명

전극과의 계면에서는 쇼트키 장벽을 줄이고, 페로브스카이트 흡수 층과의 계면

에서는 Built-in potential를 증가시켜 계면에서 전자 손실을 최소화 할 수 있었

다. 또한 전자 전달층으로 결정성이 우수한 Zn2SnO4를 뼈대로 하여 저온 공정

임에도 우수한 특성의 전자 수집 층을 제작 할 수 있었다. 이를 실제로 플렉서
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블 페로브 스카이트 태양전지의 전자 수집 층으로 도입하여, TiO2 기반의 태양

전지 특성을 뛰어넘어 현재까지 세계 최고 효율의 플렉서블 태양전지를 제작 할 

수 있었다.  

   본 연구는 플렉서블 태양전지용 전자수집 층으로 TiO2를 대체할 수 있는 뛰

어난 성능의 Zn2SnO4 금속 산화물 반도체를 설계하고, 제어 하는 것에 목적을 

두었으며, 실제로 본 연구를 통해서 기존의 문제점들을 해결하고, 플렉서블 페로

브스카이트 태양전지의 효율 향상에 기여함을 확인 하였다. 또한 태양전지에서 

전자 수집 층이 갖추어야 할 조건에 대한 방향성을 제시 하여, 현재 혹은 앞으

로 직면할 문제점에 대한 해결방안의 가능성을 보여주었다. 더 나아가 본 연구

를 통해 차세대 태양 전지뿐만 아니라 다양한 광 전자 소자들이 직면한 문제점 

및 한계를 해결 할 수 있는 발판을 마련하고자 하였다.     

주요어: 금속 산화물 반도체, 저온 용액공정, 광 전 에너지 변환, 페로브스카이 

트 태양전지, 유연 태양전지, 계면제어, 나노입자, 양자점, 아연 주석 산

화물, 메틸암모늄 납 요오드화물 
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