
1 

 

Architecture design for highly efficient perovskite solar cells 

 

Contents 

Abstract ............................................................................................................................. 3 

Chapter 1. Introduction ..................................................................................................... 5 

1.1 Research background .............................................................................................. 5 

1.2 Basic principle and type of solar cells .................................................................... 6 

1.3 Brief history of perovskite solar cells ..................................................................... 9 

1.4 Architectures and working mechanism of perovskite solar cells .......................... 12 

1.5 Perovskite materials as light harvester .................................................................. 13 

1.6 Electron transport materials .................................................................................. 14 

1.7 Hole transport materials ........................................................................................ 16 

1.8 Contact electrode materials ................................................................................... 18 

1.9 Current stage of development and issues of perovskite solar cells ....................... 19 

1.10 Overview of this thesis ........................................................................................ 20 

Chapter 2. Polymer materials passivated perovskite solar cells ..................................... 31 

2.1 Abstract ................................................................................................................. 31 

2.2 Introduction ........................................................................................................... 32 

2.3 Experimental section ............................................................................................. 33 

2.4 Results and discussion .......................................................................................... 36 

2.4.1 Perovskite light harvester layer characterization after PMMA passivation ... 36 

2.4.2 J‒V characterization of perovskite solar cells passivated by PMMA ............ 42 

2.4.3 Impedance spectroscopy analysis of perovskite solar cells passivated by 

PMMA ..................................................................................................................... 46 

2.4.4 Stability evaluation of perovskite solar cells passivated by PMMA .............. 49 

2.4.5 Perovskite light harvester layer characterization after PC passivation ........... 50 

2.4.6 J‒V characterization of perovskite solar cells passivated by PC .................... 53 

2.4.7 Impedance spectroscopy analysis of perovskite solar cells passivated by PC 56 

2.4.8 Stability evaluation of perovskite solar cells passivated by PC ..................... 57 

2.5 Chapter summary .................................................................................................. 57 

Chapter 3. SnO2 based flexible perovskite solar cells .................................................... 61 

3.1 Abstract ................................................................................................................. 61 

3.2 Introduction ........................................................................................................... 62 

3.3 Experimental section ............................................................................................. 63 

3.4 Results and discussion .......................................................................................... 66 



2 

 

3.4.1 Films characterization..................................................................................... 66 

3.4.2 J‒V characterization of perovskite solar cells on rigid substrates .................. 70 

3.4.3 Perovskite light harvester layer characterization on flexible substrate .......... 72 

3.4.4 J‒V characterization of perovskite solar cells on flexible substrates ............. 72 

3.4.5 Bending durability characterization of flexible perovskite solar cells ........... 74 

3.4.6 Analysis of photovoltaic performance reduction of SnO2 flexible perovskite 

solar cells ................................................................................................................. 77 

3.4.7 Highest open-circuit voltage of SnO2 flexible perovskite solar cells ............. 79 

3.4.8 Large active area SnO2 flexible perovskite solar cells ................................... 80 

3.4.9 Stability evaluation of perovskite solar cells .................................................. 81 

3.5 Chapter summary .................................................................................................. 82 

Chapter 4. Second solution growth process of perovskite solar cells ............................ 88 

4.1 Abstract ................................................................................................................. 88 

4.2 Introduction ........................................................................................................... 89 

4.3 Experimental section ............................................................................................. 90 

4.4 Results and discussion .......................................................................................... 93 

4.4.1 Perovskite films characterizations .................................................................. 93 

4.4.2 J‒V characterization of perovskite solar cells .............................................. 104 

4.4.3 Stability evaluation of perovskite solar cells .................................................112 

4.5 Chapter summary .................................................................................................116 

Chapter 5. Recycled utilization of nanoporous Au film in perovskite solar cells ........ 121 

5.1 Abstract ............................................................................................................... 121 

5.2 Introduction ......................................................................................................... 122 

5.3 Experimental section ........................................................................................... 124 

5.4 Results and discussion ........................................................................................ 127 

5.4.1 Perovskite and Au films characterization ..................................................... 127 

5.4.2 J‒V characterization of perovskite solar cells using nanoporous Au films .. 135 

5.4.3 Recycled nanoporous Au film in perovskite solar cells ............................... 139 

5.4.4 J‒V characterization of flexible perovskite solar cells ................................. 142 

5.4.5 Bending durability of flexible perovskite solar cells .................................... 145 

5.5 Chapter summary ................................................................................................ 146 

Chapter 6. Conclusions ................................................................................................. 151 

List of publications ....................................................................................................... 153 

Conferences .................................................................................................................. 154 

Acknowledgement ........................................................................................................ 156 

 



3 

 

Abstract 

 

Hybrid organic/inorganic metal halide perovskite solar cells (PSCs) have emerged 

widespread attentions and interesting because of the unprecedented progress of power 

conversion efficiency (PCE), which has been regarded as a most-promising for next-

generation photovoltaics. Although the rapid development on PCE, the stability of PSCs 

is still far behind the industrial application requirement and the single-time utilization of 

metal electrode also increase the fabrication cost of perovskite-photovoltaics, induce 

environmental pollution and resource waste. 

 

  The stability and photovoltaic performance of PSCs are mainly determined by the 

quality of perovskite light harvester layer and its coverage. The polymer layers have been 

introduced into the PSCs for passivation of perovskite. The PCE of PSCs has been 

promoted to 20.5 and 19.1% under reverse scanning after poly(methyl 2-

methylpropenoate) and polycarbonate passivation, respectively. The photovoltaic 

stability has also been enhanced, however, it is not so enough due to the ultraviolet 

sensitive TiO2 electron transport materials (ETM). Moreover, the polymer deteriorates the 

hysteresis of PSCs because of its insulating nature and carrier accumulation during solar 

cells working. 

 

  Hence, the SnO2 and Cs-perovskite have been employed into planar PSCs as ETM and 

light harvester to replace TiO2 and MAPbI3 perovskite. The stability and PCE have been 

significantly enhanced on SnO2 based PSCs compared with that of the TiO2 based PSCs. 

The low temperature fabrication process of SnO2 has been also introduced into flexible 

PSCs (fPSCs). The fPSCs using SnO2 as ETM could achieve a high PCE of 17.1% with 

an ignorable hysteresis, sustaining an excellent bending durability of ca. 76.5% even after 

2000 bending cycles at bending radius of 4 mm. The improvement of bending durability 

should mainly come from superior bending resistance of nanoparticle component of SnO2 

ETM film, because the SnO2 nanoparticle can release the bending stress.  

 

  The excessive PbI2 of Cs-perovskite precursor has severely limited the PCE and 

stability of PSCs, even though the excessive PbI2 contribute to form large crystal size 

perovskite. Thus, the second solution growth process (SSGP) has been employed into the 

perovskite crystal growth to eliminate the excessive PbI2 and maintain the large crystal 

size. The PCE of SSGP PSCs has promoted to 21.6% with a negligible hysteresis, and 

kept a much better stability at continuous light soaking and thermal treatment conditions. 
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The SSGP PSCs have also realized a high PCE of 20.1% on large active area of 1.0 cm2 

with comparable high fill factor of records. 

   

The single-time utilization of metal electrode fabricated by complicated deposition 

process of high vacuum thermal evaporation, which increases the fabrication cost of PSCs 

and wastes resource, and also causes ecological environmental pollution and hinders 

commercial application at the same time. Thus, the nanoporous Au film fabricated by 

simple and directly transfer process has been introduced into the PSCs. The nanoporous 

Au-PSCs achieve a high PCE of 19.0% with a negligible hysteresis. Moreover, the 

nanoporous Au film can realize more than 12 times reusing for the PSCs with a little 

reduction of PCE. The nanoporous Au film has also employed into fPSCs and obtained a 

high PCE of 17.3% with an excellent bending durability of ca. 98.5% even after 1000 

bending cycles at a bending radius of 5 mm. 

 

  Improving the photovoltaic performance of PSCs by an approach of architecture design 

by varying the stacking configuration, passivation, and material innovation paves a 

potential way toward its commercial application. 
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Chapter 1. Introduction 

 

1.1 Research background 

Human civilization is usually accompanied with the utilization of energy. The 

unprecedented rapid growth of world’s economy and population is accelerating the 

consumption and demand of energy, especially the fossil fuels, in which the society has 

witnessed the deteriorating environment and resource wasting. Therefore, the clean and 

renewable energy source has become a more preferable choice, especially the solar energy. 

The solar energy is a kind inexhaustible and clean source, which can solve the growing 

energy demand and environment. Photovoltaic device is a main path way to realize the 

conversion of solar energy to electricity1,2. Some photoactive materials, such as silicon3–

5, dyes6,7, organic molecules8,9, and perovskite10–14, have been explored for high efficiency 

photovoltaic devices. Currently, the mainstream of photovoltaic device is silicon solar 

cells, which can realize a power conversion efficiency (PCE) of 26.6% in single crystal 

and large scale industrial application due to its high stability15,16. However, the energy 

payback time of silicon solar cells is still every long (ca. 25 years) because of the high 

cost of fabrication and high quality silicon crystals. Therefore, it is necessary to explore 

more affordable and cheaper photovoltaic devices. 

 

Recently, the organic/inorganic hybrid perovskite has become the most promising 

materials as light harvesting semiconductor for solar cells and promoted the perovskite 

solar cells (PSCs) become a most promising next-generation photovoltaics. The 

organic/inorganic hybrid perovskites consist with ABX3 structure, where A is organic-

inorganic component with single valence state (methyl ammonium (MA+), 

formamidinium (FA+) and caesium (Cs+)), B is Pb2+ and Sn2+, X is a halide element of I-, 

Cl- and Br-, respectively. The superior properties of organic/inorganic hybrid perovskites 

have promoted PCE of their devices from 3.8 to 24.2% only within a decade and partly 

taken away the shine from silicon solar cells10,16–19, including the large light absorption 

coefficient12, tunable band gap13,20,21, low exciton binding energy22, high carrier 

mobility23, long distance of carrier diffusion22, and low-temperature fabrication process24. 

The solution and low temperature fabrication approaches of perovskites can also be 

applied to flexible photovoltaics, light weight, wearable equipment, portable systems and 

bending displays25–32.  

 

The stability of PSCs becomes a critical limitation to replace the silicon solar cells due 

to the quality of perovskites film, organic component of perovskites and organic carrier 
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transport materials, even though the PSCs has achieved an unprecedented development. 

Recently, the stability of PSCs has been remarkably enhanced by designing devices 

architecture, replacing organic component using Cs+ and applying inorganic carriers 

transport materials such as CuSCN33,34. However, the latest results of stability of PSCs is 

still far behind the requirements of industrial application. Therefore, stability of PSCs 

should be promoted at the same pace as the photovoltaic performance to realize final 

commercial utilization. 

 

1.2 Basic principle and type of solar cells 

Basic principle of semiconductor photovoltaic  

I will start to explain the basic principle of power conversion process and efficiency of 

solar cells1. Solar cell is a kind of photovoltaic device to realize the incident light energy 

conversion into the electrochemical potential and electricity by light harvester materials 

and external circuit. The light harvesting materials capture the photons of light. The solar 

light excites the electron from conduction band to valance band in the light harvesting 

materials, in other words, the electron has promoted from ground state to excited states 

as shown in Figure 1. The electron-hole pairs are generated by light, and separated 

electron and hole as carriers are delivered to external circuit and converted into electricity. 

The electrons and holes quickly decay to the lower available energy level inside the 

conduction and valance band in semiconductors, in which this process is much faster than 

the radiative and non-radiative recombination process of electron and hole corresponding 

to relaxation of excited to ground state. The population of generated excited electrons is 

usually dependent on the energy of incident light (E) and bandgap of semiconductor (Eg). 

Here, we assume the E≫Eg to obtain a perfectly light absorbing.  

 

 

Figure 1. Schematic diagram of an electron excitation from ground state to 

excited state by the solar light energy. 
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The generated electrons and holes in light harvester of photovoltaics should be 

separated, extracted and delivered to external circuit to complete the light-electric 

conversion process. In an ideal condition, we assume that the carriers are delivered to 

external circuit without any loss and generated into electric current. The short-circuit 

current density (JSC) is usually described as following, 

JSC =q∫ 𝜂𝑐(𝐸)(1 − 𝑅(𝐸))𝑎(𝐸)𝑏𝑠(𝐸)𝑑𝐸
∞

0
,              (1.1) 

where the ηc(E) is the collected efficiency to external circuit, R(E) is the reflectivity, a(E) 

is an absorbed photon energy, bs(E) is the incident photon flux density, and q is an 

elementary charge of electron.  

 

The maximum current density should be considered at an ideal condition, where all 

incident photons energy E is higher than Eg. The absorbed energy promotes the electron 

to excited state and carrier separations without any loss. The short-circuit current density 

can be described as following, 

JSC =q∫ 𝑏𝑠(𝐸)𝑑𝐸.
∞

𝐸𝑔
                        (1.2) 

The incident and extracted power from the photons fluxes has been used in the 

calculation of power conversion efficiency. The incident power density (Pi) is calculated 

by integrating the incident irradiance over photon energy of photovoltaics and described 

as following, 

Ps =∫ 𝐸𝑏𝑠(𝐸𝑠)𝑑𝐸.
∞

0
                       (1.3) 

Then, in the ideal condition, the conversion process is assumed without any loss during 

carrier deliver to external circuit for output power. The extracted power density can be 

described as Poutput=VJ(V), where V and J are voltage and current density, respectively. To 

calculate the power conversion efficiency η. The formula is described as following, 

η = 
𝑉𝐽(𝑉)

𝑃𝑠
                             (1.4) 

The maximum power conversion efficiency is achieved at the following condition,  

     
𝑑

𝑑𝑉
(𝐽(𝑉)𝑉) = 0                         (1.5) 

 

Therefore, the maximum of power conversion efficiency of single junction solar cell is 

ca. 33.0% at the bandgap of 1.35 eV according to the Shockley-Queisser limit35. 
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Characterization of solar cells performance  

  The power output of solar cells is evaluated by using a simulated irradiation sunlight 

(one Sun, AM 1.5) with an incident light power (Pin) of about 100 mW/cm2. The sun  

spectrum and simulated equivalent circuit of ideal solar cells are shown in Figures 2a 

and b. The current-voltage (J‒V) curves measured by using various driving voltage are 

exhibited in Figure 2c. The open-circuit voltage (VOC) means the voltage at the current 

density of zero, and the JSC means the current density at the voltage of zero. The power 

density of solar cells is given by P=JV. When the P increases to a maximum value at the 

cell’s operating point or maximum power point, the V and J also reaches to the maximum 

 

Figure 2. (a) Standard one sun spectrum (Air Mass 1.5), (b) Simulated 

equivalent circuit of a solar cell, (c) J‒V curves of a solar cell. 
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values of Vm and Jm. The sheet resistance and fill factor (FF) can be calculated as Vm/Jm 

and JmVm/JSCVOC. The efficiency of solar cells is also calculated because the power 

density delivered at maximum power point as some fraction of incident light power, Pin, 

as η= JmVm/Pin. Efficiency is also related to JSC and VOC using FF, as η= FFJSCVOC/Pin. 

The JSC, VOC, FF and η are the key parameters to characterize the performance of a solar 

cell. 

 

Categories of solar cells 

  The photovoltaic devices are divided into three types: crystalline, thin film and 

emerging solar cells. Silicon solar cell is a kind and high efficiency photovoltaics, 

achieving 26.6% without concentrator15 and 27.6% with concentrator36 in a single 

junction cell. The solar cell of un-doped gallium arsenide (GaAs) with a small bandgap 

of 1.42 eV achieved 27.8%37. In the typical thin film solar cells of copper indium 

diselenide (CuInSe2, or CIS), the efficiency of arsenide doped CIS solar cells has 

increased to 22.9% on the rigid and 18.7% on flexible substrate38,39. The cadmium 

telluride (CdTe) thin film solar cells also obtained the efficiency of 22.1%16. The emerged 

dye-sensitized solar cells (DSSCs) showed slowly development and its efficiency 

increased to 11.9%40. The most promising system among emerging solar cells is 

organic/inorganic hybrid perovskite solar cells (PSCs) developed in 2009. The first 

demonstrated PSCs achieved the efficiency of 3.8%10. After that, the PSCs achieved an 

unprecedented development and their efficiency have rapidly increased up to 24.2% on 

single junction cell only within a decade16. Moreover, the perovskite/silicon tandem 

structure solar cells showed the efficiency of 28.0% in 201816. Thus, the PSCs have 

regarded as the most promising next-generation photovoltaics. Even though the PSCs 

achieved rapid progress, the stability of photovoltaic performance still limits the industrial 

application.  

 

1.3 Brief history of perovskite solar cells 

  The hybrid halide compound with perovskite structure41,42 was first reported in 1978 

based on the previous studies of inorganic lead halides43 since 19th century and organic-

inorganic halides44 since 20th century. The unique chemical and physical properties of 

organic/inorganic hybrid perovskites have been studied. The firstly application of hybrid 

halide in solar cells was in 200910.  

 

The name of “perovskite” comes from the typical mineral structure of CaTiO3. The 

crystal consists with corner-sharing TiO6 octahedra in three dimensions, and the Ca atom 
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locates the cuboctahedral cavity in each unit cell. Therefore, the ABX3 stoichiometry has 

been used to definite the same crystal of a wide range of materials. The organic/inorganic 

hybrid perovskites have a same structure of CaTiO3 and is defined as ABX3, where A site 

is component of organic and inorganic cations (methyl ammonium (MA+), 

formamidinium (FA+) and caesium (Cs+)), B site is component of metal atoms of Pb2+ 

and Sn2+, X site is component of halide atoms of I-, Cl- and Br-, respectively, as shown in 

Figure 3a. The organic/inorganic hybrid perovskites have multifunctions as light 

harvester and carriers transport, resulting in the photo-electric conversion without 

electron and hole transport materials. The bandgap of organic/inorganic hybrid 

perovskites can be tuned from 1.58 eV (pure I) to 2.20 eV (pure Br) only by changing the 

halide atoms45. The organic/inorganic hybrid perovskites were first applied in solar cells 

and achieved a PCE of 3.8% in 2009 by Prof. Miyasaka, where he used MAPbBr3 

perovskite in dye-sensitized solar cells (DSSCs) as a dye10. The PCE increased up to 10.9% 

in PSCs reported by Prof. Henry, in which the solution spin coating technique was used 

to fabricate the perovskite films11. To prevent the nonuniform properties of perovskites 

film, the sequential deposition process has been utilized in PSCs with a high efficiency 

 

Figure 3. (a) Crystal structure of ABX3 perovskite, (b) Progress of perovskite 

solar cells. 
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of 15.0% in 2013 by Prof. Gratzel12. In the same year, Prof. Henry also reported a vapour 

deposition approach to achieve very uniform perovskite film on the planar structure 

substrate and obtained the efficiency of 15.4%46. In 2015, Prof. Seok reported the method 

of intramolecular exchange between dimethylsulphoxide (DMSO) and formamidinium 

iodide (FAI) intercalated in PbI2 to fabricate perovskite on mesoporous architecture. The 

PSCs achieved a high PCE of 20.1% with a negligible hysteresis, which is the first time 

of PCE over 20%47. Then, the PSCs achieved much higher PCE of 22.1, 23.3 and reached 

to 24.2% in 201914,16,18, as shown in Figure 3b.  

 

Even though the PSCs has already achieved an explosive and faster development 

within a decade, which is much different from the situation of others photovoltaics, the 

photovoltaic stability still limits to realize the industrial application and replace the 

marketplace leader of silicon solar cells. The quality of perovskite has become a key to 

overcome the stability problems. Prof. Nazeeruddin developed two-dimensional 

(2D)/three-dimensional (3D) interface engineering technique to realize one-year stability, 

but the PCE of PSCs is still too low33. In the same year, Prof. Gratzel reported the 

inorganic hole transport materials of CuSCN and replacement of organic A site of FA and 

MA partially by Cs cation. The PSCs have realized a high PCE of 20.8% and kept over 

95% of initial efficiency even after 1000 hours continuous light soaking at 60 ℃ by 

inserting buffer layer of reduced graphene oxide between hole transport layer (HTL) and 

Au electrode34. Recently, a high PCE of 20.8% at 1 cm2 has been demonstrated using 

compositional engineering approach and 92% of initial efficiency was kept at condition 

of 85 ℃ and 85% humidity48. Although the stability of PSCs has been improved, the 

stability cannot be met on the industrial application. Thus, the stability of PSCs is a tough 

challenge in near future. 

 

Figure 4. Typical architecture of perovskite solar cells. (a) n-i-p structure, (b) p-i-n 

structure. ETL: electron transport layer, HTL: hole transport layer. 
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1.4 Architectures and working mechanism of perovskite solar cells 

  Architectures category of PSCs 

The architecture of PSCs consists of transparent electrode/carrier extraction 

material/perovskite/carrier extraction material/contact electrode. According to the 

stacking sequence of layers, the PSCs can be divided into two groups as shown in Figure 

4. As for the first category, the structure is defined as n-i-p architecture (normal 

architecture), in which the electron transport layer (ETL) is underneath the perovskite, 

hole transport layer (HTL) is on the top of perovskite and the perovskite film is 

sandwiched between ETL and HTL. The p-i-n architecture (inverted architecture) is 

inverse of n-i-p in the layers’ configuration. 

  

According to the morphology of substrate, the PSCs can be classified into mesoporous 

and planar structure. The mesoporous structure consists of mesoporous TiO2 or Al2O3 as 

a scaffold of ETL11,49,50, as shown in Figure 5. The mesoporous TiO2 is most frequently 

adapted by researchers and PSCs using TiO2 achieved a high efficiency of 22.7%18. 

However, the stability of TiO2 based PSCs is still misgivings, because the TiO2 shows 

quite sensitive photocatalytic reaction under the light continuous soaking (with UV light 

component)51,52. Therefore, the other electron extraction materials are explored as ETL 

for improving the stability of PSCs, such as ZnO53, SnO2
54–59 and phenyl-C61-butyric 

acid methyl ester (PC61BM)60 in normal planner architecture, and PEDOT:PSS61–63 in 

inverted planar architecture. The stability of planar architecture PSCs become much better 

because of improved light soaking stability of carrier extraction materials. The PCE of 

PSCs has increased up to 23.3% using surface passivation approach by an organic halide 

salt phenethylammo-nium iodide (PEAI)14.  

 

Figure 5. General architecture of perovskite solar cells of mesoporous (a) and planar (b) 

structure, respectively. 
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Working mechanism of PSCs 

  Figure 6a shows an example structure of normal architecture PSCs. The PSCs 

architecture contains a glass substrate, transparent conductive oxide (TCO) electrode 

(fluorine-doped tin oxide: FTO, indium tin oxide: ITO), ETL, perovskite, HTL and 

metallic electrode of Au or Ag. The carriers (electrons and holes) are generated in 

perovskite layer with irradiated of solar light, then the electrons and holes as carriers are 

separated on perovskite and extracted by ETL and HTL, respectively. The electrons and 

holes as carriers are delivered to external circuit and photocurrent is detected by a source 

meter. The carrier generation and transport can be understood more deeply on the energy 

diagrams, as shown in Figure 6b. The carriers are generated in the perovskite photoactive 

layer by solar light, then, the generated electrons transferred to bottom of conduction band 

(CB) of perovskite, are extracted by ETL, and finally reached to TCO layer; at the same 

time, the generated holes transferred to top of valance band (VB) of perovskite, are 

extracted by HTL and reached to metallic electrode of Au or Ag. In order to achieve high 

performance of PSCs, the CB bottom of perovskite must be higher than the lowest 

occupied molecular orbital (LOMO) of ETL, and VB top of perovskite must be lower 

than the highest occupied molecular orbital (HOMO) of HTL. Therefore, the energy 

alignment of each component of PSCs is quite important, which seriously determine the 

carriers’ extraction, transport and recombination processes.  

 

1.5 Perovskite materials as light harvester 

Metal-halide perovskites have been widely applied for solar cells due to their ideal 

 

Figure 6. Working mechanism of perovskite solar cells. (a) Working principle of n-i-p 

structure of perovskite solar cells in real space. (b) Dynamics of carriers in perovskite solar 

cells on energy diagram.  
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properties as semiconductors. The perovskite usually consists of organic or inorganic 

cations based on amine and metallic salt (e.g. CH3NH3
+, CH5N2

+, Cs+) at A sites, metal 

cations (e.g. Pb2+, Sn2+) at B sites, and halide anions (e.g. Cl-, Br-, I-) at X site to form 

ABX3 crystal structure. The structure of organic/inorganic perovskites can be easy 

modulated by incorporated atoms into crystal. The stability of perovskite structure can be 

calculated from tolerance factor64 as,  

𝑡 =
𝑅𝐴+𝑅𝐵

√2 (𝑅𝐵+𝑅𝑋)
,                            (1.6) 

and octahedral factor 

µ=RB/RX,                               (1.7) 

where RA, RB and RX are the effective ionic radii of A, B, X, respectively. The perovskite 

structure can stable at 0.813≤ t ≤1.107, and 0.442≤µ≤ 0.89565. 

 

The organic/inorganic perovskites have incomparable characteristics to other 

semiconductors, including large light absorption coefficient throughout visible light 

region12,45, high carrier mobility in both of electron and hole23, long distance of carrier 

diffusion22, low exciton binding energy22 and low-temperature fabrication process24. 

Moreover, the band gap (Eg) of perovskite can be tuned by changing the component of 

ABX3. The Eg can be tuned from 1.48 eV in FAPbI3
66,67, 1.58 eV in MAPbI3

68–70 and 2.28 

eV in MAPbBr3
71

 on organic/inorganic hybrid perovskites, 1.73 eV in CsPbI3
72,73, 2.3 

eV74 in CsPbBr3 on inorganic perovskite, and 1.17 eV (50% of Pb and 50% of Sn) to 1.58 

eV (pure Pb) on Pb-Sn mixed perovskite45,75–77. Moreover, the organic/inorganic 

perovskites can be easy applied in the hybrid structure, such as perovskite-silicon, 

perovskite-CIGS and perovskite-perovskite, altering the component of perovskite to 

realize ideal tandem solar cells. The hybrid structure is a main path-way to overcome the 

Shockly-Queisser limit in single junction cell. 

 

1.6 Electron transport materials 

Various electron transport materials (ETMs) can be utilized in PSCs due to the tunable 

band gap of perovskites. The metal oxides based ETMs are usually used because of 

stability, easy fabrication and deposition on the transparent conductive oxide (TCO) 

substrate. The typical ETMs are shown with their schematic energy-level diagram78 in 

Figure 7. The ETMs are usually deposited on TCO substrate by approaches of spin 

coating79, spray80, chemical bath deposition81, atomic layer deposition21,25, and so on. The 

TiO2 is a most typical ETM, firstly used in dye-sensitized solar cells6 of perovskites in 

200910. The PCE of PSCs using TiO2 ETM has rapidly increased from 3.8 to 22.7%18 
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until now. However, the stability of TiO2 ETM based PSCs is still criticism subject, 

because the TiO2 causes photo-catalytic reaction under continuous light soaking51.  

 

SnO2 is an another typical ETM frequently used in planar architecture PSCs due the 

high carrier mobility up to 240 cm2/(V·s) (100 times larger than that of TiO2) and more 

deep bottom conduction band (CB) compared with TiO2
82. The PCE of SnO2 base PSCs 

has increased from 16 to 23.3% by optimizing the quality of SnO2 film and 

perovskites14,21,54,56,58,59,83. Interesting, the SnO2 based PSCs could achieve a very high 

open-circuit voltage of 1.19 V21,83. The relative lower deposition temperature of SnO2 

could be also used in flexible PSCs (fPSCs). The PCE of fPSCs has enhanced to 18.4%58 

with very excellent bending durability of ca. 76.5% after 2000 bending cycles testing at 

bending radius of 4 mm much better than those of TiO2 and Zn2SnO4 based flexible 

devices32. 

 

ZnO is frequently applied as ETM with high carrier mobility of 0.1 cm2/(V·s) and a 

similar energy structure to TiO2
84,85. The PCE of ZnO based PSCs has also been obtained 

great development from 15.753 to 21.1% by inserting thin film of MgO and protonated 

ethanolamine86–88. However, the poor chemical compatibility between perovskite and 

ZnO easily causes the degradation of perovskite even at low annealing temperature89–91 

and decrease of stability of PSCs. 

 

 

Figure 7. Schematic energy-level diagrams of typical electron transport materials 

(ETM), including TiO2, SnO2, PC61BM, ZnO, Nb2O5, WO3, SrTiO3, and Zn2SnO4, 

respectively. 
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Some other organic materials are also used as ETM in PSCs, especially in fPSCs, such 

as phenyl-C61-butyric acid methyl ester (PC61BM)92 and C60 pyrrolidine tris-acid 

(CPTA)93. The PCE of PSCs has increased to 18.0% on glass substrate and 17.0% on 

flexible substrate with an excellent bending duruability93, exhibiting a potential 

application. 

 

1.7 Hole transport materials 

  Hole transport materials (HTMs) play a crucial role in the PSCs to realize the holes’ 

extraction and transport from perovskite to metal electrode. HTMs are divided into 

organic molecule, polymeric and inorganic categories. The compatible valance band 

energy (VBE) of HTMs facilitates the holes transfer in PSCs. Some inorganic HTMs 

possess excellent thermal and photochemical stability with reasonable carrier mobility. 

Figure 8 shows the energy diagram of some HTMs that have been used in PSCs94,95.  

 

   The 2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobifluorene (spiro-

OMeTAD) and Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) are frequently 

used HTMs in PSCs with high PCE. The conductivity and hole mobility of pristine spiro-

OMeTAD and PTAA are relative low, such as ca.10-5 Scm-2 and ca.10-4 cm2V-1s-1, which 

are too low and unsatisfied as the carrier transport layer. The PCE of spiro-OMeTAD 

 

Figure 8. Schematic energy-level diagram of hole transport materials, including 

MAPbI3, spiro-OMeTAD, PTAA, NiOx, CuO, Cu2O, CuSCN, CW3, CW4 and CW5, 

respectively. 
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based solid-state DSSCs are relatively lower than that using other HTMs96–98. Therefore, 

the dopants of lithium bis(trifluoromethylsulfonyl)-imide (Li-TFSi), tert-butylpyridine 

(tBP) and cobalt bis(trifluoromethylsulfonyl)-imide (Co-TFSi) are used to enhance the 

conductivity and hole mobility of spiro-OMeTAD and PTAA. The PCE of spiro-

OMeTAD based PSCs has achieved a great development and increased to 23.3% by 

optimizing the architecture and enhancing the quality of perovskites11,14,16,18,46,47. 

However, the stability of doped spiro-OMeTAD become much weaker and deteriorate 

lifetime of PSCs34,51,56,99. Therefore, the stability of doped spiro-OMeTAD limits the 

industrial application.  

 

  Compared with classical HTMs of spiro-OMeTAD, the PTAA has more shallow top 

VB according to the energy-level diagrams of Figure 8, which realizes optimized energy 

alignment between perovskite and HTMs, and the PSCs using PTAA holds the highest 

record PCE of PSCs. The PTAA was partially infiltrated into mesoporous PSCs and 

delivered to high PCE of 12.0% in 2013100,101. After optimization and enhancement of the 

quality of perovskite using mixed perovskite, the PCE of PSCs has increased to over 

20.0% with a negligible hysteresis using PTAA HTMs47.  

 

Even though the doped organic molecule HTMs can deliver very high PCE of PSCs, 

the organic materials seriously affect the thermal and continuous light soaking stability, 

and hampers the industrial application of PSCs. Thus, the inorganic HTMs are a more 

preferable selection, such as NiO, CuOx and CuSCN, and so on.  

 

NiO is a kind of wide-band p-type material and has been successfully applied in DSSCs 

and organic photovoltaics (OPV) devices as a HTM. A layer of NiO is deposited using 

electrodeposition in the inverted architecture and PSCs using NiO could achieve a PCE 

of 7.3%102. The PCE has increased up to about 17% using Cu doping103, nanoparticles 

type104 and room temperature sputtering technique105. In order to enhance the PCE of 

PSCs, the CuOx has been selected as a HTM and PSCs could achieve a high efficiency of 

19.0% by optimizing the perovskite quality using Cl doping approach106. To pursue more 

high PCE of PSCs, the HTM of CuSCN has been employed in PSCs due to the effective 

carrier extraction from perovskite as well as the efficient transportation to the Au 

electrode. An impressive PCE of 16.6 and 18.8% has been achieved on inverted 

architecture PSCs using electrodeposition and spin coating techniques to deposit the 

CuSCN and mixed CuI/CuSCN as HTMs, respectively107,108. In normal architecture, 

PSCs have also achieved a high PCE of 17 and 20.8% using a facile spray deposition and 
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spin coating techniques to deposit CuSCN34,109. The stability of PSCs has been 

significantly enhanced after inserting a reduced graphene oxide (RGO) between the 

CuSCN and Au electrode, realizing an excellent stability over 95% compared with that 

of initial efficiency after 1000 hours continuous light soaking at 60 ℃ in nitrogen 

condition34. Even though the improvement of stability in PSCs by using various HTMs, 

these results are still unsatisfied for the industrial application compared with typical 

silicon solar cells.  

 

1.8 Contact electrode materials 

The high efficient PSCs are usually consist with a typical architecture of glass 

substrate/TCO electrode/carrier transport layer/perovskite harvesters/carrier transport 

layer/contact electrode for the n-i-p and p-i-n structure. The contact electrode materials 

including the energy level of each material have been summarized in Figure 9. The 

metallic materials are typical applied as the contact electrode, for instance, Au110–112, 

Cu113,114, Ag11,45,53,115,116 and Al92,117–119, for high PCE of PSCs, in which the fabrication 

cost obviously increases and the higher cost hampers the PSCs industrial application. The 

metallic electrodes are usually deposited using a complicated process of high vacuum and 

long-term thermal evaporation.  

 

More simplified deposition and cheaper material has been selected as contact 

electrodes, i.e. carbon based materials. The carbon based materials can hold the excellent 

 

Figure 9. Schematic energy-level diagrams of typical contact electrode materials, 

including FTO, ITO, MAPbI3, Au, Ag, Cu, Al and C, respectively. 
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electrochemical stability, such as the chemical corrosion of Au electrode from thiocyanate 

anions of CuSCN HTMs34. A variety types of carbon materials have been used as 

electrodes with a relative high efficiency via various simple approach, such as doctor 

blade120,121, printing68,122–124, directly transfer125,126 and embedment approach127. The PCE 

of carbon based PSCs has increased up to 19.2% by using the adhesive macroporous 

carbon electrode and maintained a relative high stability on the rigid substrate126. 

Moreover, the carbon materials have also been used as TCO electrode to replace the ITO, 

especially for fPSCs28,31,128. The graphene electrode fPSCs achieved high efficiency of 

16.8% and sustained ca. 85% bending durability at a bending radius of 2 mm by 

additionally depositing thin film of molybdenum trioxide (MoO3) to improve 

conductivity of graphene28. Even though the performance of carbon based PSCs has 

achieved remarkable development, the PCEs are still far behind compared with that using 

noble metal electrodes, and also still can single-time utilization in PSCs. 

 

1.9 Current stage of development and issues of perovskite solar cells 

  Since the first application of perovskites in photovoltaic device with a PCE of 3.8% in 

200910, the PSCs have achieved an unprecedented development and PCE has increased 

up to 24.2%16. Even though the PSCs have achieved an impressive development, the 

stability has become a controversial issue to replace the long-term energy payback 

photovoltaics of silicon for industrial application. The critical problems of PSCs can be 

divided into three main subjects: quality of perovskite quality, properties of carrier 

transport materials, and electrode materials for low and economic-friendly fabrication. 

 

  Organic/inorganic hybrid perovskite is a kind specially and ideal semiconductor 

compared with those of mainstream inorganic semiconductors of silicon, CIGS, CdTe and 

organic molecules. The high carrier mobility of electrons and holes, long length of carrier 

diffusion, high absorption coefficient in visible range of light, tunable band gap, low 

exciton binding energy and low fabrication temperature of organic/inorganic hybrid 

perovskites, make them become the most promising photovoltaics material for next-

generation. The organic/inorganic hybrid perovskite sandwiched between electron and 

hole transport layer in the PSCs devices. Thus, the quality of organic/inorganic hybrid 

perovskite seriously determines the photovoltaic performance of PSCs, including PCE 

and stability. The uniform and fully coverage of organic/inorganic hybrid perovskite film 

with large crystal size is the first critical requirement of perovskite quality. Moreover, the 

low density trap states are other aspects for perovskite quality. The high quality perovskite 

can reduce the trap states, and contribute to improve the stability in the PSCs. 
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  Certainly, the PCE and stability of PCS are not determined only by the quality of 

organic/inorganic hybrid perovskite. The properties of electron and hole transport 

materials also determine them. The n-type TiO2 is typically used as electron transport 

materials and PSCs using TiO2 could achieve very a high PCE of 22.7%. However, the 

stability of TiO2 based PSCs is still a criticized topic, because the TiO2 causes easily 

photocatalytic reaction under continuous light soaking even at low humidity condition. 

Moreover, the relatively high bottom CB and low carrier mobility of TiO2 also limit the 

efficiency of carriers’ extraction and transportation. Thus, the exploring and applying 

more excellent electron materials have become a key pathway to enhance the performance 

and stability of PSCs. 

 

  The stability of PSCs is also affected by quality of interface between the hole transport 

materials and metal electrode. The degradation of perovskite at the initial stage usually 

happens by attacking of moisture at heated condition from the interfacial deterioration 

related to the metal electrodes. Moreover, the metallic electrode is fabricated by a 

complicated process of high vacuum and long-term thermal deposition, which will 

increase the fabrication cost of PSCs and seriously hinder industrial application. 

Moreover, the noble metal electrodes are usually used as only a single-time after 

degradation of perovskite, which will increase the limited resource waste and 

environmental pollution. Thus, the bearing capacity for environment should be seriously 

considered when we pursue the ultimate performance of PSCs. 

 

1.10 Overview of this thesis    

  In this thesis, I mainly focus on the architecture design approach to significantly 

promote the photovoltaic performance and the stability of the PSCs, including the 

polymer materials interface passivation and second solution growth process (SSGP) of 

perovskite, excellent electron transport materials, and new structure of Au electrode.  

 

To enhance perovskite film quality, especially the coverage surface trap states, I used 

the polymethyl methacrylate (PMMA) and polycarbonate (PC) as the interface modifiers 

to passivate the MAPbI3-perovskite surface. The coverage and the surface roughness of 

perovskite films have become much better and flatter after PMMA and PC modification, 

and remarkably reduced surface trap states of perovskites, in which the photovoltaic 

performance of perovskite solar cells (PSCs) has been significantly enhanced. Moreover, 

the PMMA and PC based PSCs achieved a high power conversion efficiency (PCE) of 

20.5 and 19.1%, respectively, and much better stability compared with those of standard 
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devices without polymer passivation layer. 

 

However, the periodical enhancement of PSCs stability is still not enough even using 

passivation of PMMA and PC, especially the continuous light soaking, because the UV 

light sensitive ETL of TiO2 severely deteriorates the stability of PSCs. Therefore, I 

replaced the TiO2 by SnO2 as ETL. The much better stability of PSCs employed by SnO2 

ETL and Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3-perovskite light harvester has been 

realized. The SnO2 ETL has also been employed into flexible PSCs (fPSCs) taking the 

advantage of low fabrication temperature of SnO2. As a result, the fPSCs achieved a high 

PCE of 17.1% with a negligible hysteresis and excellent bending durability of ca. 76.5% 

compared with the initial efficiency even after 2000 bending cycles testing at the bending 

radius of 4 mm. The severe cracks on flexible substrate and noble Au electrode limits the 

bending durability of fPSCs, therefore, it is necessary to explore new materials or new 

structure to further promoting the bending durability of fPSCs. 

 

  The excessive PbI2 on perovskite film surface still limit the further enhancement of the 

photovoltaic performance of PSCs on SnO2 ETL, therefore, the SSGP has been introduced 

to enhance the quality of perovskite film. The crystal size of perovskite has dramatically 

increased on excessive PbI2 condition after quickly annealing at 150 ℃. The SSGP has 

been employed into reacting the excessive PbI2 with sustaining large crystal size, and 

significantly reducing the trap states of perovskite. The SSGP PSCs obtained a very high 

PCE of 21.6% with a negligible hysteresis, and obtained the highest FF of 83.4% on 

planar PSCs as our knowledge. The SSGP PSCs also showed much better stability under 

long-term continuous light soaking and thermal treatment compared with those of 

standard PSCs.  

 

  To realize simplify the fabrication process and reduce the cost of PSCs for industrial 

application, the nanoporous Au film has been introduced into PSCs as the electrode to 

replace the typical Au electrode fabricated by high vacuum and temperature thermal 

deposition process. The nanoporous Au based PSCs achieved a high PCE of 19.0% with 

a very small hysteresis using direct transfer process. The application of nanoporous Au 

film enables several times recycled utilization in PSCs. The PCEs in the metal electrode 

reused PSCs only decreased from 16.5 to 14.7% after 12 times recycling. Moreover, the 

nanoporous Au fPSCs also obtained a high PCE of 17.3% and sustained a very high 

bending durability of ca. 98.5% even after 1000 bending cycles at bending radius of 5 

mm.  
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  This thesis consists of 6 chapters, including introduction of chapter 1, polymer 

passivated perovskite solar cells of chapter 2, SnO2 based flexible perovskite solar cells 

of chapter 3, SnO2 based perovskite solar cells by second solution growth process of 

chapter 4, recycled utilization of nanoporous Au film in perovskite solar cells of chapter 

5, conclusion of chapter 6, lists of publications and conferences, and acknowledgements. 
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Chapter 2. Polymer materials passivated perovskite solar cells 

 

2.1 Abstract 

 

Organic/inorganic metal hybrid perovskites have regarded as the most promising 

photo-electric materials and next-generation photovoltaics. The quality of 

organic/inorganic metal hybrid perovskites seriously determine the performance of 

perovskite solar cells (PSCs) due to the role of solar energy harvester. Interface 

engineering of organic/inorganic metal hybrid perovskites has regarded as an effective 

way to enhancing the power conversion efficiency (PCE) of PSCs by improving 

perovskite film’s coverage and minimizing the charge recombination loss. Therefore, the 

polymethyl methacrylate (PMMA) and polycarbonate (PC) were applied to modified 

interface between the perovskite photoactive layer and the hole transport layer, and 

achieved a high PCE of 20.5 and 19.1%, respectively. The morphology modification, 

surface passivation, and protection of the perovskite layer by the insulating PMMA and 

PC layer substantially contribute to the enhancement of photovoltaic performance and its 

stability despite a slight reduction of the charge extraction efficiency. And, the working 

mechanism of polymers passivation was studied by electrochemical analysis. 

 

Keywords: perovskite solar cells, power conversion efficiency, surface passivation, 

polymethyl methacrylate, polycarbonate 
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2.2 Introduction 

Organic/inorganic metal hybrid perovskite materials have been regarded as a most 

promising photo-electric semiconductor for photovoltaics and drawn an enormous 

attention due to the rapid development of power conversion efficiency (PCE) of 

perovskite solar cells (PSCs) from 3.8% to the latest value of 24.2% within a decade1. 

The unprecedented development in PCE of PSCs mainly determines by the superior 

properties of organic/inorganic metal hybrid perovskite photoactive materials, including 

small exciton bending energy2–4, micrometer-scale carrier diffusion legnths2,5, high 

carrier collection ability6, tunable band gap energy7–9, strong light absorption from the 

visible to the infrared region10, high carrier mobility11 and low temperature fabrication 

process12. The PCE of PSCs based on the methylammonium lead halide (CH3NH3PbX3, 

MAPbX3) perovskite as a light harvester layer have realized ca. 20% both in normal (n-

i-p) and inverted (p-i-n) architectures13,14. The quality of perovskite has been substantially 

enhanced after several endeavors, such as DMF used as a fumed source of perovskite and 

CH3NH3I vapor, and CH3NH3I employed in mixed solvents15,16, however, some of tough 

challenges still need to be solved for more higher PCE of MAPbX3 based PSCs. For 

example, a) the dense, fully coverage and void-free perovskite films should be fabricated 

to prevent the leakage of photocurrent and enhance the open-circuit voltage of PSCs, b) 

an approach of perovskite films with a flat surface morphology is required to enhance 

adhesiveness to the hole transport layer and c) a resistance against of humidity, oxygen, 

and ambient temperature of perovskite phase should be improved. Therefore, it is 

necessary to develop an effective method to engineer the interface of perovskite layer, 

which is urgently required for high PCE and stability of PSCs.  

 

  Enormous approaches, such as controlled formation17, solvent treatment18, inserting a 

buffer layer material19–21, incorporation of chloride22, interface engineering23–25, and 

interface passivation26,27, have developed to improve carrier mobility and promote the 

photovoltaic performance of PSCs. Even though countless endeavors have been invested, 

more superior materials that could improve surface quality and function as excellent 

passivation properties of the underneath perovskite light harvester layer are still pursued. 

An insulating organic polymer material has been introduced because it can form a dense 

buffer layer on perovskite light harvester layer surface to meet the above requirements. 

The enhancement of performance of PSCs using an insulating polymer material as a 

passivated interface of perovskite have been published21,28–30. However, the PCEs of 

polymer material passivated MAPbX3 PSCs are still unsatisfied. Moreover, the detailed 

working mechanism of this inserted polymer layer for the photovoltaic performance in 
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PSCs is still unclear. 

 

  In this chapter, an effective strategy of interface engineering between the perovskite 

light harvester layer and hole transport layer is adopted to further improving the 

photovoltaic performance of PSCs via enhancing perovskite light harvester layer quality 

and reducing interface’s carrier recombination loss. I successfully demonstrated that the 

enhanced photovoltaic performance of PSCs by incorporating a thin film of poly(methyl 

methacrylate) (PMMA) and polycarbonate (PC), and achieved a high PCE of 20.4 and 

19.1% on PMMA and PC based PSCs under revise scanning, which are much higher than 

the standard PSCs without any treatment. The highest stabilized power output (SPO) of 

19.9 and 19.1% are obtained on PMMA and PC based PSCs under maximum power point 

(MPP) tracking, respectively, which are much higher than the standard device (14.9%). 

Moreover, the detailed working mechanism and carrier recombination process of PSCs 

has been analyzed by photoluminescence spectroscopy and impedance spectroscopy 

without and with polymer passivation. 

 

2.3 Experimental section 

  Materials: Chemicals are used as obtained without any further purification. Fluorine-

doped tin oxide substrate (FTO, 10 Ω) is ordered from Asahi Glass Co., Ltd., Japan. Lead 

iodide (PbI2, L0279), methylammonium iodide (CH3NH3I, MAI, M2556), mesoporous 

titanium oxide (PST-18NR, ca. 20 nm), and titanium diisopropoxide bis(acetylacetonate) 

are ordered from Tokyo Chemical Industry Co., Ltd. poly(methyl methacrylate) (PMMA, 

Mw ≈ 15,000, powder), polycarbonate (PC, Mw ≈ 43,200, particle), 4-tert-butylpyridine 

(tBP) and Co(4-tert-butylpyridyl-2-1H-pyrazole)3·3TFSI (TFSI = 

bis(trifluoromethanesulfonyl) imide), titanium chloride (TiCl4, 99.0%) and zinc power 

(99.995%, Aldrich)  are ordered from Sigma-Aldrich Co., Ltd. Dehydrated N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and chlorobenzene are dried 

before utilization. 2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-

spirobifluorene (spiro-OMeTAD) was purchased from Merck Co., Ltd. Lithium 

bis(trifluoromethanesulfonyl)imide (Li-TFSI), dehydrated ethanol, acetone, isopropyl 

alcohol (IPA), and other solvents were purchased from Wako Chemical Co., Ltd. and are 

used as received unless noted otherwise. 

 

TiO2 electron transport layer fabrication: The FTO glass substrates are etched using zinc 

powder and 6 M HCl solution. The etched FTO glass substrates are washed in 

concentration of about 1 wt% aqueous detergent solution, acetone, IPA and distilled water 
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under sonication for 10 min in each step, respectively. The cleaned FTO glass substrates 

are dried using an air gun and stored at a relative dry condition. An about 25 nm thick of 

TiO2 compact layer is deposited using spraying titanium diisopropoxide 

bis(acetylacetonate) with 0.05 M dehydrated ethanol solvent at 450 °C hotplate with a 0.5 

MPa pressure and repeated three times. The sprayed FTO glass substrates are immersed 

into a cooled solution of mixed with TiCl4 and distilled water for 30 min at temperature 

of 70 °C and then substrates are washed and dried using distilled water and an air gun, 

respectively. Then, the substrates are sintered at 500 °C for 20 min. The cooled substrates 

are cut into 2525 mm2 and treated by Ozone killer about 27 min for mesoporous TiO2 

deposition. The dehydrated ethanol mesoporous TiO2 suspension with concentration of 

1:8 of TiO2 paste and ethanol is spin coated at 5000 rpm for 30 s and annealed at 125 °C 

for 30 min. The substrates are sintered again at 500 °C for 30 min and then stored at a 

dried box for following experiment. 

 

PSCs devices fabrication: All the procedures of PSCs devices fabrication are finished in 

a nitrogen-filled glovebox. 

 

Perovskite light harvester layer deposition: The FTO substrates are treated at Ozone 

killer and then transferred into glovebox. The 1.5 M concentration of perovskite precursor 

solution consist of MAI (717 mg) and PbI2 (2076 mg) at a molar ratio of 1:1 in a mixed 

solvent of DMSO (750 μL) and DMF (2250 μL) with a volume ratio of 1:3 and dissolve 

at 40 °C until fully dissolving. The 200 μL perovskite precursor solution is deposited on 

substrates at spin coating program of 5000 rpm for 5 s, and the anti-solvent of 500 μL of 

toluene is dropped on at 2 s before finishing spin coating; the coated substrates are treated 

at 100 °C for 30 min on a hotplate. 

 

Polymer layer deposition: The polymer materials of PMMA and PC are dissolved in 

chlorobenzene solvent with various concentration at a temperature of 50 °C for 30 min. 

The 200 μL of PMMA or PC solution spin-coats on above perovskite photoactive layer 

surface at program of 4000 rpm for 30 s after 10 s of dropping solution, and then the 

substrates are post-treated at 70 °C for 30 min on a hotplate. 

 

Hole transport layer deposition and electrode evaporation: The hole transport layer 

(HTL) material consists of 8.6 mg mmol Li-TFSI, 27 μL tBP, 13.5 mg Co(4-tert-

butylpyridyl-2-1H-pyrazole)3·3TFSI and 73.5 mg spiro-OMeTAD dissolves in 1 mL 

chlorobenzene solvent. The HTL solution is spin coated on perovskite surface before and 
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after polymer passivation at a program of 4000 rpm for 30 s and post-treated at 70 °C for 

30 min on a hotplate. Finally, the Au electrode film about 80 nm is thermal deposited on 

above substrates surface. 

 

Characterization: All characterizations of PSCs and perovskite light harvester layer are 

conducted at ambient condition. A thin thickness of perovskite light harvester layer is 

used to check the optical properties of photoluminescence (PL) and absorption spectra 

using the same fabrication of PSCs in micro-Raman setup (Nnaophoton, Ramantouch) 

with an excitation wavelength of 532 nm and a power of 75 W and UV/Vis 

spectrophotometer (Shimadzu, UV-1800). The time resolved PL is conducted by a time-

correlated single-photon counting setup using a power of 2.7 nW, a pulse width of 6.9 ns 

and 516 nm wavelength laser source.  

 

The photovoltaic performance of PSCs is measured using a solar simulator (San-Ei 

Electric, XES-40S1) under AM 1.5 conditions (100 mW/cm2). Before start measurement, 

a standard cell (Bunkoukeiki, BS-500BK) is used to calibrate power of light source. The 

current-density (J‒V) curves of PSCs are measured at scanning speed of 50 mV/s from 

(−0.1 to 1.2 V) and reverse (1.2 to −0.1 V) scanning directions without any pretreatment 

such as light soaking or applied bias voltage for a prolonged period before stating 

measurement. The stabilized power output (SPO) is recorded with a bias voltage at the 

maximum power point (MPP). This bias voltage is closed to the maximum PCE of J‒V 

curves from the forward reverse scanning. The incident-to-power conversion efficiency 

is evaluated at a monochromatic Xe arc light system (Bunkoukeiki, SMO-250III) in the 

dark condition. The surface and cross-sectional morphology of perovskite photoactive 

layer and PSCs devices are characterized by a SEM (JEOL, JEM-6500F). The atomic 

force microscopy (AFM) (SII, Nanocute) setup is used to characterize the surface 

roughness of perovskite photoactive layer. The electrochemical properties of PSCs are 

measured by an electrochemical analyzer (ALS/HCH, 660 EAW) at a low light density 

(0.1 sun) with various bias voltages, a perturbative voltage of 5 mV (rms), and a sweeping 

frequency from 0.1 Hz to 1 MHz. The data are analyzed using an equivalent circuit 

diagram. The residual thickness of PMMA on the perovskite light harvester layer surface 

is characterized by SEM. The samples are cut into two pieces with equal size, where one 

piece is used to confirm the thickness of PMMA before chlorobenzene wash and other 

one is used to confirm the thickness after chlorobenzene wash. 

 



36 

 

2.4 Results and discussion  

2.4.1 Perovskite light harvester layer characterization after PMMA passivation 

Architecture of PSCs 

Figure 1 shows the schematic structure of methylammonium lead iodide (CH3NH3PbI3) 

PSCs with a PMMA polymer material between the perovskite light harvester layer and 

hole transport layer (HTL) of 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-

spirobifluorene (spiro-OMeTAD)31. The perovskite harvester layer is sandwiched 

between the fluorine-doped tin oxide (FTO) substrate/contact TiO2/mesoporous TiO2 

(electron transport layer) and HTL using one-step spin coating approach. The PMMA 

passivation, the PMMA chlorobenzene precursor solution is spin coated on perovskite 

light harvester layer surface after 10 s dropping solution, where the PMMA can be spread 

on the perovskite surface and form a homogenous dense protected layer. Then, the HTL 

is fabricated within 2 s after splashing spiro-OMeTAD chlorobenzene solution to prevent 

washing out of PMMA by chlorobenzene. 

 

Surface and cross-sectional morphology of perovskite light harvester layer  

  Figure 2 shows the surface and cross-sectional morphology characterizations of 

perovskite light harvester films and PSCs with and without PMMA modifications using 

SEM. The perovskite light harvester layer is fully and homogeneously deposited on the 

TiO2 layer surface with well crystallized, as shown in Figures 2a and b. The PMMA 

formed a dense and uniformly layer on the top of perovskite, and surface morphology 

 

Figure 1. Architecture of PMMA passivated MAPbI3-PSCs, including of glass FTO, 

c/m-TiO2, MAPbI3-perovskite, spiro-OMeTAD, and Au. Reprinted with permission 

from ref. 31. 
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seems become much clear after PMMA deposition according to Figure 2b. A typical 

crystal size of about 300 nm of perovskite polycrystalline layer is observed with voids 

free. The quality of perovskite light harvester films is much better than that of previous 

reports via two-step method of perovskite fabrication30, reducing the density of 

macroscale voids on perovskite film according to Figure 2a. Moreover, the perovskite 

light harvester layer surface become much denser and flatter after PMMA modification 

compared with that of perovskite layer without PMMA, as shown in Figures 2c and d. 

The contact of perovskite light harvester layer and HTL of spiro-OMeTAD become much 

better and macroscale holes have been covered after PMMA passivation. 

   

  Figure 3 shows the surface roughness evaluations of perovskite light harvester layers 

without and with PMMA passivation. Figure 3a shows the AFM image of perovskite film 

without PMMA treatment, where the surface contains some dark points of deep grain 

boundaries with large roughness compared with those of perovskite light harvester layers 

with PMMA passivation. The surface roughness of perovskite light harvester layers 

become smaller as the concentration of PMMA increment, as shown in the AFM images 

 

Figure 2. SEM characterization of surface and cross-sectional morphology of 

perovskite and PSCs with and without PMMA passivation. (a, b) SEM images of 

perovskite and PSCs with PMMA passivation, (c, d) SEM images of perovskite and 

PSCs without PMMA passivation. The scale bar is 1 µm. 
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and summarized results of average value of surface roughness in Figures 3b-g. The 

average value of surface roughness of perovskite light harvester layer decreases as the 

concentration increase of PMMA, which means that the PMMA solution fills the grain 

boundaries and fine pinholes of perovskite films. This function contributes to form a 

monolithic flat and dense surface of perovskite&PMMA layer, thereby enhancing a much 

better contact of HTL and perovskite films. The enhanced quality of surface and cross 

section of perovskite light harvester films can significantly improve the photovoltaic 

performance and stability of PSCs22,30,32.  

 

Figure 2. AFM characterization of surface roughness of perovskites with and without 

PMMA passivation. (a) AFM image of perovskite without PMMA passivation, (b-f) 

AFM images of perovskites with PMMA passivation under various concentration of 5, 

10, 15 and 20 mg/mL. The scale bar is 1 µm. (g) Summary of surface roughness of 

perovskites without and with PMMA passivation. 
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   Figure 4 and Table 1 show the cross-sectional images of perovskite light harvester 

layers without and with PMMA to check the thickness of PMMA. The chlorobenzene is 

used to simulate the HTL solution deposition process to confirm the optimized the 

 

Figure 4. SEM characterization of cross-sectional morphology of perovskites with 

PMMA passivation and residual PMMA on perovskites’ surface using simulated 

process of chlorobenzene splashing. (a, c, e, g) SEM images of perovskites with PMMA 

passivation under concentration of 5, 10, 15 and 20 mg/mL. (b, d, f, h) SEM images of 

perovskites with PMMA washing by chlorobenzene with 100 µL. The scale bar is 1 µm. 
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thickness of PMMA. As shown in Figures and table, the PMMA can form a dense and 

uniformly layer on perovskite surface even after chlorobenzene splashing, and the 

thickness of PMMA can remain ca. 50% at low concentration and increase to ca. 91% at 

20 mg/mL.  

 

Optical properties of perovskite light harvester layer 

  The optical absorption, steady-state photoluminescence (PL), and time-resolved PL are 

used to study the charge carrier dynamics of perovskite light harvester layers and 

demonstrated the functions of PMMA. Figure 5a shows the optical absorption spectra of 

perovskite light harvester layers without and with PMMA passivation. The main features 

of absorption profile are almost same without and with PMMA deposition, including 

Table 1. Summary of the PMMA thickness on perovskites surface before and after 

chlorobenzene splashing. 

 

Concentration (mg/mL) Before (nm) After (nm)

5 17.6± 0.5 9 ± 0.4

10 30.4± 1.9 21.6 ± 0.9

15 42.2 ± 1.4 35.2 ± 1.0

20 46.4 ± 0.7 42.4 ± 1.1

 

Figure 5. Optical characterization of perovskites without and with PMMA 

passivation. (a) Absorption and PL spectra, (b) TRPL decay profiles of perovskites 

without and with PMMA passivation under various concentrations. 
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shoulder peak position and intensity, because the PMMA is a kind of polymer with 

extremely high transparency from near-infrared and visible regions30. 

 

  Figure 5a also shows the PL spectra of perovskite light harvester layers with PMMA 

deposition under various concentrations. The PL profile of perovskite light harvester layer 

without PMMA deposition is similar to the previous results30. The position and shape of 

PL spectra of perovskite light harvester layer have no obviously changes as the PMMA 

concentration extension, however, the intensity of PL has substantially increased as the 

increment of PMMA and reached to the highest value at the concentration of 20 mg/mL. 

These phenomena should come from the quality enhancement of perovskite light 

harvester layers attributing to the reduction of perovskite light harvester layer, the voids 

and grain boundaries filling by PMMA. Therefore, the trap states of perovskite light 

harvester layer surface have been passivated, reduced the carrier trapping loss and 

enhanced the PL intensity by PMMA modification layer33.  

 

  The time-resolved PL (TRPL) spectroscopy has been used to characterize the 

photoexcited carrier dynamics in the perovskite layers. Figure 5b shows the TRPL 

profiles of perovskite light harvester layers passivated by various PMMA concentrations. 

TRPL spectra are reproduced by bi-exponential functions with amplitudes and life-time 

parameters. The life-time of perovskite light harvester layers have been summarized and 

shown in Table 2. The fast and slow decay components in the bi-exponential functions 

are understood by the result of surface recombination and bulk radiative recombination 

Table 2. Summary of time-resolved PL spectroscopy of perovskites without and with 

PMMA passivation under various concentrations, where a is a amplitude ratio of fast (1) 

and slow decay (2) component. 

 

Concentration (mg/mL) a τ1 (ns) τ2 (ns) τPL (ns)

Standard 0.50±0.0 16.7±2.2 80.0±10.0 51.3±1.3

PhCl 0.47±0.0 19.0±0.7 80.0±3.3 51.1±2.2

5 0.50±0.0 30.0±3.3 105.0±6.7 69.3±6.2

10 0.47±0.0 38.3±2.2 104.3±7.1 73.0±3.0

15 0.47±0.0 45.7±0.4 108.3±2.2 78.4±0.7

20 0.47±0.0 49.0±2.0 115.0±13.3 84.1±7.4
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processes of electron-hole pairs34,35. The values of lifetimes of perovskite light harvester 

layers increased as the concentration increment of PMMA. The increased lifetime of 

perovskite light harvester layers is well consistent with the integrated PL intensity, as 

shown in Figure 5a, because the time-integrated PL intensity is proportional to the average 

PL lifetime. The lifetime of perovskite photoactive layer increases from 51.3 ± 1.2 to 84.0 

± 7.4 ns as the PMMA thickness increments, as shown in Figure 5c. The carrier relaxation 

dynamics seriously affects the PL lifetime values in the electron-hole radiative 

recombination and surface carrier trapping (electron or hole) processes. The longer 

lifetime of perovskite light harvester layers with high PMMA concentrations (thickness) 

means that the surface trap states and non-radiative recombination centers are passivated 

and alleviated in perovskites protected by PMMA because the surface trap states and non-

radiative recombination centers in perovskite light harvester layer reduce the PL lifetime 

by increasing the carrier trapping possibility. 

 

2.4.2 J‒V characterization of perovskite solar cells passivated by PMMA 

  After above analysis of the perovskite light harvester layers’ properties, the PSCs have 

been fabricated and evaluated the photovoltaic (PV) performance. Figure 6a shows the 

current density‒voltage (J‒V) curves of a PSC without PMMA passivated layer (Standard 

PSC) and a PMMA-incorporated PSC (PMMA-PSC) fabricated using a PMMA layer 

with concentration of 10 mg/mL. The J‒V curves of PSCs are recorded under various 

scanning directions: forward scans from the short-circuit current (JSC) to the open-circuit 

voltage (VOC) with a forward bias voltage with a rate of 50 mV/s, reverse scans from VOC 

to the JSC with same rate, and the all measurements are finished in ambient condition 

without any pre-treatments. The standard PSC without PMMA layer exhibits a VOC of 

1.09 V, a JSC of 22.0 mA/cm2, a fill factor (FF) of 65.9%, and a PCE of 15.8% under 

forward scanning conditions and a VOC of 1.11 V, a JSC of 20.9 mA/cm2, a FF of 73.1%, 

and a PCE of 16.8% under reverse scanning conditions. In comparison, the PV 

performance has been much enhanced in PMMA-PSC, with a VOC of 1.12 V, a JSC of 23.4 

mA/cm2, and a FF of 71.2%, resulting in a PCE of 18.7% under forward scanning 

conditions. Moreover, a VOC of 1.14 V, a JSC of 23.4 mA/cm2, and a FF of 76.6% resulted 

in a substantially high PCE of 20.4% under reverse scanning conditions with a 

concentration of 10 mg/mL PMMA. All PV parameters of PMMA-PSC are much higher 

than those of the standard PSC, resulting from the quality enhancement of perovskite light 

harvester layer by PMMA. The enhancements of PMMA-PSC in all parameters are 

substantially higher than the modification PSCs22. However, the hysteresis of PMMA-

PSCs become slightly larger than the standard PSC, which will be discussed later. 
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  Figure 6b shows the external quantum efficiency (EQE) of standard and PMMA PSCs. 

The EQE exhibits a response from about 300 to 800 nm in both devices. The highest value 

of EQE in PMMA-PSC is 92.8%, which is much higher than that of 87.5% on the standard 

PSCs. Moreover, the integrated photocurrent density of 22.9 mA/cm2 obtained from the 

PMMA-PSC is much higher than that of 20.5 mA/cm2 of standard device and recently 

reported result22, which are consistent with the J‒V values. 

 

  The stabilized power output (SPO) value is also a parameter for evaluation of the PV 

performance of PSCs. The SPO usually is determined at a fixed bias voltage close to the 

maximum power point (MPP) on forward and reverse J‒V curves under continuous light 

soaking. Figure 6c shows the SPO of the PMMA-PSC under forward and reverse 

scanning conditions at time evolution, respectively, indicating that the SPO values of  

 

Figure 6. Photovoltaic performance characterization of PSCs without and with 

PMMA passivation. (a) Current density‒voltage (J‒V) curves of PSCs without 

(standard) and with PMMA passivation at concentration of 10 mg/mL. (b) EQE 

spectra and integrated current-density of PSCs. (c) SPO at MPP of PMMA passivated 

PSCs under forward and reverse scanning condition. (d) SPO at MPP of PSCs under 

reverse scanning with a bias voltage of 0.9 and 0.95 V of standard and PMMA PSCs. 
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forward and reverse are almost same independent on the scanning directions. Figure 6d 

exhibits the highest SPO in PMMA-PSC under reverse scanning with a bias voltage of 

0.95 V, which is much higher than those of the chloride modification and crosslinking 

protected layer incorporation22. This SPO value is also higher than that of the standard 

PSC and consistent with the J‒V curves value, as shown in Figure 6a. The stability of 

 

Figure 7. Repeatability characterization of PSCs without and with PMMA passivation. 

(a-d) and (e-h) statistic calculations of PSCs without and with PMMA passivation 

under forward and reverse scanning (red: 50 PMMA-incorporated devices; black: 39 

standard devices).  

C
o

u
n

ts

Average V
OC

 (V)

PMMA : 1.11  0.01

Standard: 1.10  0.01

 10 mg/mL PMMA 50 devices

1.06 1.08 1.10 1.12
0

5

10

15

20

Forward V
OC

 (V)

 Standard 39 devices

C
o
u
n

ts

 10 mg/mL PMMA 50 devices

20 21 22 23 24
0

5

10

15

20

25

30

Average J
SC

 (mA/cm
2
)

PMMA : 23.10  0.31

Standard: 20.19  1.60

Reverse J
SC

 (mA/cm
2
)

 Standard 39 devices

1.04 1.06 1.08 1.10 1.12 1.14
0

5

10

15

20

Average V
OC

 (V)

PMMA : 1.13  0.01

Standard: 1.11  0.02

C
o
u
n

ts

 Reverse V
OC

 (V)

 10 mg/mL PMMA 50 devices

 Standard 39 devices

58 60 62 64 66 68 70 72
0

5

10

15

20

Forward FF (%)

 10 mg/mL PMMA 50 devices

C
o

u
n

ts

Average FF (%)

PMMA : 69.17  1.35

Standard: 67.17  3.53

 Standard 39 devices

21 22 23 24
0

5

10

15

20

25

30

C
o

u
n

ts

Forward J
SC

 (mA/cm
2
)

 10 mg/mL PMMA 50 devices

Average J
SC

 (mA/cm
2
)

PMMA : 23.14  0.26

Standard: 21.63  0.79

 Standard 39 devices

(a)

(b)

(c)

(e)

(f)

(g)

64 66 68 70 72 74 76 78
0

5

10

15

20

25

30

35

40

C
o
u
n

ts

Reverse FF (%)

 10 mg/mL PMMA 50 devices

Average FF (%)

PMMA : 76.19  0.69

Standard: 73.60  3.43

 Standard 39 devices

14 15 16 17 18
0

5

10

15

20

25

C
o

u
n

ts

Forward PCE (%)

 10 mg/mL PMMA 50 devices

Average PCE (%)

PMMA : 17.72  0.33

Standard: 15.96  1.22

 Standard 39 devices

0

5

10

15

20

25

30

35

C
o

u
n

ts

 10 mg/mL PMMA 50 devices

14 15 16 17 18 19 20

Average PCE (%)

PMMA : 19.89  0.25

Standard: 16.55  1.41

 Reverse PCE (%)

 Standard 39 devices

(d) (h)



45 

 

SPO value in PMMA-PSC is much better than that of standard PSC, indicating that the 

decrease of PV performance under ambient and continuous light soaking has been 

significantly suppressed in PMMA-PSC using PMMA protected layer on perovskite light 

harvester layer surface. 

 

  The repeatability is another factor to characterize the PV performance for PSCs and 

potentially industrial applications. A large number of PSCs devices have been fabricated 

using the same approach and condition—39 standard and 50 PMMA-PSC devices—to 

evaluate the reproducibility of their PV performances. Figure 7 shows the histograms of 

all PV parameters of PSCs with and without PMMA passivation under forward and 

reverse scanning conditions. The standard PSC exhibits a relative lower average value 

with a broader distribution of 16.0 ± 1.2% from 13.5 to 17.5% under forward scanning, 

16.6 ± 1.4% from 13.7 to 18.5% under reverse scanning. By comparison, the PMMA-

PSCs shows the much higher values and narrow distribution of 17.7 ± 0.3% from 16.9 to 

18.9% and 19.9 ± 0.3% from 18.9 to 20.5% under forward and reverse scanning 

conditions, respectively, as shown in Figures 7a and b. The values of JSC, VOC, and FF in 

PMMA-PSCs are also much higher than those of the standard PSCs. These results 

strongly suggest that PMMA-PSCs can achieve much high repeatability compared with 

that of standard PSCs.  

 

  In order to investigate the optimize condition of PMMA on perovskite light harvester 

layer passivation and the PV performance of PSC, the PMMA concentration dependence 

of PSCs have been investigated and the results are shown in Figure 8. Figure 8a shows 

the J‒V curves of PMMA-PSCs under reverse scanning with various concentration of 

PMMA from 0 to 20 mg/mL. Noted that the concentration of 0 mg/mL means the PSC 

that has been only spin coated chlorobenzene solution. The PV parameters of JSC, VOC, 

 

Figure 8. J‒V curves of PSCs under various concentration of PMMA passivation. (a) 

J‒V curves of PSCs under reverse scanning. (b, c) Summary the PMMA concentration 

dependent of PCE, JSC, VOC and FF of PSCs. 
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FF, and PCEs in PMMA-PSCs are much higher than those of the standard device, and the 

results have been summarized in Table 3. Figures 8b and c shows the JSC, VOC, FF, and 

PCEs of PSCs as a function of concentration of PMMA, where the parameters of PMMA-

PSCs reach to the maximum at the concentration of 10 mg/mL of PMMA and become 

worse after exceeding this condition. The PMMA can promote the quality and reduce 

surface trap-states’ recombination loss of perovskite light harvester layer, and promoting 

the PV performance of PSCs as shown in Figures 5 and 8. But the carrier extraction 

process on PMMA insulating layer is not the same as the improvement of optical 

properties. Because the low concentration of PMMA can fill out the voids and grain 

boundaries of perovskite light harvester layer, which can eliminate the possibilities of 

shunt-current leakage in PSCs34,36. But, the insulating nature of PMMA also functions as 

a potential barrier to hinder the carrier transport at the interface between the perovskite 

light harvester layer and HTL of spiro-OMeTAD, in which the carrier recombination loss 

possibilities will be increased and hysteresis become deteriorated when the thickness of 

PMMA after exceeds the optimized value. Therefore, the PV performance of PSCs reach 

to maximum at the concentration of 10 mg/mL of PMMA. 

 

2.4.3 Impedance spectroscopy analysis of perovskite solar cells passivated by PMMA 

  To further confirm the roles of PMMA layer on perovskite light harvester layer, the 

impedance spectroscopy has been used to characterize the electrochemical properties of 

PSC. Figure 9a shows the Nyquist plots from impedance spectra of PSCs with various  

Table 3. Summary of the photovoltaic performance of PSCs without and with PMMA 

passivation under various concentrations. 

 

Concentration (mg/mL) Scan directions JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard

Forward 21.6± 0.8 1.10± 0.01 67.2± 3.5 16.0± 1.2

Reverse 20.2± 1.6 1.11± 0.02 73.6± 3.4 16.6± 1.4

PhCl

Forward 22.6 ± 0.3 1.08 ± 0.02 64.9 ± 1.1 15.9 ± 0.2

Reverse 22.5 ± 0.5 1.12 ± 0.01 73.3 ± 1.1 18.4 ± 0.2

5 

Forward 22.9± 0.2 1.10 ± 0.01 66.1 ± 1.4 16.6 ± 0.3

Reverse 22.7 ± 0.4 1.12 ± 0.01 74.1 ± 1.3 18.9 ± 0.3 

10 

Forward 23.1 ± 0.3 1.11± 0.01 69.2 ± 1.4 17.7 ± 0.3

Reverse 23.1 ± 0.3 1.13 ± 0.01 76.2± 0.7 19.9± 0.3

15 

Forward 22.7± 0.2 1.11 ± 0.01 67.0 ± 2.0 16.8 ± 0.6

Reverse 22.4± 0.2 1.12 ± 0.01 75.2 ± 0.8 18.9 ± 0.3

20 

Forward 22.7 ± 0.1 1.06 ± 0.01 64.6 ± 4.8 16.1 ± 0.3

Reverse 22.1± 0.3 1.08 ± 0.01 75.5 ± 0.5 18.0± 0.4
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Figure 9. Electrochemical properties of PSCs without and with PMMA passivation. 

(a) Nyquist profile of impedance of PSCs without and with PMMA passivation, as 

recorded at a bias voltage of 0.3 V under 0.1 sun illumination conditions. Simulated 

equivalent circuit is shown inset. The fitting curves of Nyquist plots are also shown 

according to the equivalent circuit. (b) RHTM and Rrec as a function of concentration 

of PMMA. (c-e) RS, RHTM and Rrec extracted from fitting of the impedance spectra 

collected at various illumination densities under an applied bias of 0.3 V. (f-h) Bias-

voltage dependence of the RS, RHTM and Rrec. 
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PMMA concentrations. Impedance spectra show the similar behavior in all PMMA-PSCs 

with different PMMA concentration showing the different radius of curves. The 

impedance plots are divided into two components of high and low frequency regions, in 

which the high and low-frequency come from the contributions of hole transport from 

perovskite light harvester layer to the HTL of spiro-OMeTAD layer and carrier 

recombination process35,37,38, respectively. All the measured spectra are well reproduced 

using an equivalent circuit model with the fitting parameters of recombination resistance 

(Rrec)
38 and hole transport resistance (RHTM), as shown in the inset of Figure 9a.  

 

  Figure 9b shows the PMMA concentration function of the calculated values of Rrec and 

RHTM. The value of Rrec decreases as the concentration increment of PMMA, indicating 

that the carrier recombination loss deteriorates with the thickness of PMMA layer. 

Whereas, the RHTM slightly increases as the concentration increase of PMMA, attributing 

to the insulating nature of PMMA. The series resistance (RS) is determined by carrier 

transport from perovskite light harvester layer to electron transport layer, keeping almost 

constant as a function of the PMMA concentration, which strongly supports the validity 

of this analysis. The Rrec and RHTM reach an optimized point when the concentration of 

PMMA is 10 mg/mL. The RS, Rrec and RHTM of standard PSCs and PMMA-PSCs are also 

measured under various simulated light illumination density from 10 to 100 mW/cm2 at 

a 0.3 V bias voltage, as shown in Figures 9c-e. Confirming that the values of RS, Rrec and 

RHTM of PMMA-PSCs are higher than those of standard device and keep almost constant 

under all experimental conditions.  

 

  Figures 9 f-h exhibit the RS, Rrec and RHTM of standard and PMMA-PSCs under various 

bias voltages conditions. The bias voltage from 0.1 to 1.0 V are changed.37,39 The RS 

slightly increase in both PSCs, while the RHTM continuously decreases as the bias voltage 

increment in PMMA-PSCs, the RHTM keeps almost constant value in standard devices. 

The value of RHTM decreases from 80 to 20 Ω in PMMA-PSCs and lower than that of 

standard device after bias voltage higher than 0.7 V, indicating that the carrier extraction 

ability become much better than that of standard device after PMMA passivation. 

Moreover, the Rrec of standard device decreases from 400 to lower than 200 Ω, however, 

the Rrec of PMMA-PSCs exhibits an almost constant value and litter higher than that of 

standard device after bias voltage exceeding 0.7 V, indicating that the carrier 

recombination loss becomes larger at high value of bias voltage due to the high trap states 

density of standard device.  
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The slight reduction of Rrec and increase of RHTM come from the thicker insulating 

PMMA protected layer, which deteriorates the carrier recombination possibility on the 

bottom side of PMMA, adversely impacting on the PV performance of PSCs. The adverse 

properties of PMMA functions reducing the efficiency of carrier extraction from the 

perovskite light harvester layer to the HTL by crossing the PMMA layer and a relative 

lower Rrec (relative higher carrier accumulation possibility) of higher possibility of 

hysteresis. As a result, the hysteresis in PMMA-PSCs is much higher than that of standard 

device. However, the functions of surface passivation and morphology modification using 

PMMA induce a more major effects that enhance the PV performance of PSCs. Hence, 

the balance both positive of surface passivation and negative of increasing the RHTM and 

reducing the Rrec determines the optimization condition of PMMA with 10 mg/mL for the 

highest performance of PSCs.  

 

2.4.4 Stability evaluation of perovskite solar cells passivated by PMMA 

  The stability of PSCs will become much better with PMMA passivation perovskite 

light harvester layer, because the PMMA passivated layer can protect the perovskite from 

the invasion of moisture and oxygen, which prevent the CH3NH3PbI3 perovskite light 

 

Figure 10. Stability of PSCs without and with PMMA passivation under room 

temperature with a humidity of ca. 40%. Time evolution of (a) JSC, (b) VOC, (c) FF, 

and (d) PCE of PSCs. 

 

0 7 14 21 28 35 42
9

12

15

18

21

24

P
C

E
 (

%
)

Time (days)

 Standard 

 PMMA 

0 7 14 21 28 35 42
70

72

74

76

78

F
F

 (
%

)

Time (days)

 Standard 

 PMMA 

0 7 14 21 28 35 42

1.04

1.08

1.12

1.16

1.20

V
O

C
 (

V
)

Time (days)

 Standard 

 PMMA 

0 7 14 21 28 35 42
16

18

20

22

24

26

J
S

C
 (

m
A

/c
m

2
)

Time (days)

 Standard 

 PMMA 

(a) (b)

(c) (d)



50 

 

harvester layer degrading into CH3NH2I and PbI2
28,30,40. The PSCs were stored in the dark 

ambient condition with about 40% humidity. The PCE of PMMA-PSCs slightly reduces 

from 20.5 to 18.5% even after 40 days. In comparison, the standard devices quickly 

decrease from 18.5 to 10.0%. The all parameters of JSC, VOC, FF, and PCE of PSCs with 

and without PMMA passivation are shown in Figures 10a-d. Figures 11a and b show the 

cross-sectional SEM images of the standard and PMMA-PSCs after storing 7 days in 

ambient conditions. The voids have been labeled by red circles. Interesting, the density 

of voids in standard device is much higher than that of PMMA-PSCs, indicating that the 

stability of PSCs has been significantly enhanced by protecting the perovskite light 

harvester layer from the oxygen and humidity.  

 

2.4.5 Perovskite light harvester layer characterization after PC passivation 

  Surface morphology, optical properties characterizations of perovskite light 

harvester layer 

To demonstrate other polymer materials can be also used to passivate perovskite light 

harvester layer. The polycarbonate (PC) is employed to improve the perovskite layer and 

enhance the PV performance of PSCs. Figure 12 shows the surface and cross- 

 

Figure 11. Typical cross-sectional SEM images of (a) PSC without PMMA and (b) 

PSC with PMMA passivation stored for 7 days under room temperature with a 

humidity of ca. 40%. 

(a)

(b)
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sectional SEM images of PC passivated perovskite light harvester layer. The PC-

perovskite light harvester layer exhibits a similar surface morphology of PMMA-

 

Figure 12. Surface (a) and cross-sectional (b) morphology characterization of 

perovskite and PSCs passivated by 7 mg/mL of PC. 

 

 

Figure 13. AFM topographical images and surface mean roughness of perovskite layer 

with different concentrations of PC. (a, b) AFM images of perovskite without and with 

PC layer (7 mg/mL). (c) Surficial mean roughness of perovskite with different 

concentration of PC. 

 

 

Figure 14. PL spectra of perovskites passivated under various concentrations of PC.  
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perovskite as dense, compact and voids-free film. However, the PC-perovskite shows 

relative low transparency compared with that of PMMA, as shown in Figure 12a. The PC 

seems to form an independent thin film on the perovskite surface according to the cross-

sectional SEM images, as shown in Figure 12b. These properties will affect the carrier 

transport from perovskite light harvester layer.  

 

  Figure 13 shows the surface roughness of perovskite light harvester layer after PC 

passivation measured by AFM. According to Figures 13a and b, the surface of perovskite 

light harvester layers become flatter after passivation of PC with 7 mg/mL compared with 

that of standard one. The average surface roughness of perovskite light harvester layer 

decreases as the concentration of PC increment, which exhibits a similar result as those 

in perovskite-PMMA. As the concentration of PC increase as shown in Figure 14, the PL 

intensity of perovskite light harvester layer is also enhanced, which is the same as the 

PMMA, indicating that the perovskite quality has been improved, and the surface trap 

states and carrier recombination loss has been reduced. 

 

 

Figure 15. Photovoltaic performance of PSCs with PC passivation of 7 mg/mL. (a) J‒

V curves of the best PSCs, (b) J‒V curves of PSCs with various concentrations of PC 

under reverse scanning, (c) EQE spectrum and (d) SPO of PSCs with PC passivation. 
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2.4.6 J‒V characterization of perovskite solar cells passivated by PC 

  Figure 15a shows the J‒V curves of the highest PV performance of PC passivated 

PSCs at concentration of 7 mg/mL. The PC-PSCs achieves a high PCE of 17.3%, a JSC 

of 23.4 mA/cm2, a VOC of 1.09 V and a FF of 68.0% on the forward scanning, and a PCE 

of 19.1 %, a JSC of 23.3 mA/cm2, a VOC of 1.12 V and a FF of 73.0% on the reverse 

scanning, which are relative lower than the PMMA-PSCs. The PV performance of PC-

PSCs with various concentration of PC has been summarized and shown in Figure 15b 

and Table 4. As the concentration increase of PC, the PV performance of PSCs has been 

enhanced especially the JSC, but the performance decreases after exceeding 7 mg/mL of 

PC concentration. Moreover, the hysteresis of PSCs also increases after PC passivation 

compared with the standard device. 

 

  Figure 15c shows the EQE spectra of PC-PSC. The EQE exhibits a response from about 

300 to 800 nm and the highest value of EQE in PC-PSC is 91.8%, which is much higher 

than that of standard PSCs. Moreover, the integrated photocurrent-density of 22.6 

mA/cm2 obtained from the PC-PSCs is much higher than that of 20.5 mA/cm2 of standard 

device and recently reported result34, which is well consistent with the J‒V values. 

 

  To evaluate the SPO and short time stability of PC-PSCs under continuous light 

soaking condition, the solar cell device has continuously characterized at ambient 

condition without encapsulation. The PC-PSCs can obtain about 19.1% of SPO and 

slowly decrease to 18.7% even after 1100 s continuously measurement under MPP with 

Table 4. Summary of photovoltaic performance of PSCs with PC passivation under 

various concentrations. 

 

Samples Scan directions JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard Forward 22.0 1.09 65.9 15.8

Reverse 20.9 1.10 73.1 16.8

3 mg/mL PC Forward 22.9 1.08 58.4 14.4

Reverse 23.1 1.11 69.5 17.8

5 mg/mL PC Forward 23.2 1.09 70.0 17.8

Reverse 21.6 1.1 75.0 17.8

7 mg/mL PC Forward 23.4 1.09 69.0 17.6

Reverse 23.2 1.11 73.0 18.8

10 mg/mL PC Forward 22.9 1.09 60.0 15.1

Reverse 22.2 1.12 73.0 17.9
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a bias voltage of 0.95 V, which can keep almost same short time SPO stability compared 

with the PMMA device, as shown in Figure 15d.  

 

  The repeatability of PC-PSCs also has been evaluated using 21 devices and shows the 

summarized results in Figure 16. The PC-PSCs can achieve an average PCE of 18.5 ± 

0.6%, a 22.5 ± 0.7 mA/cm2 of JSC, a 1.12 ± 0.0 V of VOC, a 74.6 ± 0.9% of FF on the 

reverse scanning as shown in Figures 16a-d, which are higher than those of standard  

 

Figure 16. Repeatability evaluations of PSCs with PC passivation. (a-d) and (e-h) 

Statistic calculations of PSCs with PC passivation under forward and reverse scanning. 
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Figure 17. Electrochemical properties of PSCs without and with PC passivation. (a) 

Nyquist profile of impedance of PSCs without and with PC passivation, as recorded 

at a 0.3 V bias voltage under 0.1 sun illumination conditions. Simulated equivalent 

circuit is shown inset. The fitting curves of Nyquist plots are also shown according to 

the equivalent circuit. (b-d) Bias-voltage dependence of the RS, RHTM and Rrec. (e) RHTM 

and Rrec function as the concentration of PC. (f-h) RS, RHTM and Rrec extracted from 

fitting of the impedance spectra collected at various illumination densities under an 

applied bias of 0.3 V.  

 

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

Bias voltage (V)

R
H

T
M

 (
W

 c
m

2
 )

 Standard PSCs

PC PSCs

0.0 0.2 0.4 0.6 0.8 1.0
100

200

300

400

500

R
re

c
 (

W
 c

m
2

 )

Bias voltage (V)

Standard PSCs

 PC PSCs

0.0 0.2 0.4 0.6 0.8 1.0

18

20

22

24

Bias voltage (V)

R
S
 (

W
 c

m
2

 )

Standard PSCs

 PC PSCs

0 100 200 300 400 500
0

100

200

300

400

Z' (W)

-Z
" 

(W
)

  PC PSCs

 fitting

 Standard PSCs

 fitting
RS RRECRHTM

CPEHTM CPEREC

20

30

40

50

60

70

80

0 2 4 6 8 10
200

250

300

350

400

450
 RHTM

R
re

c
 (

W
 c

m
2

 )

R
H

T
M

 (
W

 c
m

2
 )

 Rrec

Concentration (mg/mL)

0 20 40 60 80 100

16

18

20

22

24

R
S
 (

W
 c

m
2

 )

Light density (mW/cm2)

 Stanard PSCs

 PC PSCs

0 20 40 60 80 100
15

20

25

30

R
H

T
M

 (
W

 c
m

2
 )

Light density (mW/cm2)

 Stanard PSCs

 PC PSCs

0 20 40 60 80 100

100

200

300

400

Light density (mW/cm2)

R
re

c
 (

W
 c

m
2

 )

 Stanard PSCs

 PC PSCs

(a)

(c)

(e)

(b)

(d)

(f)

(g) (h)



56 

 

devices. However, the PV performance of PC-PSCs is slightly lower than that of PMMA-

PSCs, which should be come from the independent layer of PC on perovskite light 

harvester layer and its relative higher viscosity, because the PC cannot be fully dissolved 

in chlorobenzene solvent after the same dissolving time and temperature compared with 

that of PMMA. Therefore, the high viscosity of PC reduces the ability of film-forming 

and affects the PV performance of PC-PSCs.  

 

2.4.7 Impedance spectroscopy analysis of perovskite solar cells passivated by PC 

  The impedance spectroscopy has been applied to investigate the carrier recombination 

process of PC-PSCs. Figure 17a shows the Nyquist plot of standard and PC-PSC with 7 

mg/mL concentration. The simulated equivalent circuit model has been shown in inset. 

The measurement results can be reproduced using the equivalent circuit and the profile 

consist with two of component of high and low frequency. Figures 17b-d show the 

analyzed results of RS, RHTM and Rrec of standard and PC-PSCs under various bias voltages 

at 0.1 sun conditions. The RS slightly increase as the bias voltage increment, however, the 

RHTM and Rrec continuous decrease as the increase of bias voltage in both PSCs, which is 

similar with those in the PMMA-PSCs. Therefore, the carrier recombination possibility 

becomes worse as the bias voltage increment. Figure 17e shows the RHTM and Rrec as a 

function of the PC concentration. The RHTM and Rrec reach to an optimized balance, as 

 

Figure 18. Stability of PSCs with PC passivation under room temperature with a 

humidity of ca. 40%. Time evolution of (a) JSC, (b) VOC, (c) FF, and (d) PCE of PSCs. 
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similar to that in PMMA-PSCs, indicating that the performance of the PC-PSCs reaches 

to a best condition. Figures 17 f-h show the Rs, RHTM and Rrec of PC-PSCs under various 

density of illumination light. The PC-PSCs sustain relative lower Rs, but the RHTM and 

Rrec increase as the illumination light density increment, indicating that the photovoltaic 

performance and carrier recombination loss of the PC-PSCs become better, which are 

similar to the PMMA passivated PSCs. 

 

2.4.8 Stability evaluation of perovskite solar cells passivated by PC 

  Figure 18 shows the storage stability of PC-PSCs without encapsulation in ambient 

condition with humidity of about 40%. The PV performance of PC-PSCs slowly 

decreases as the keeping time extension and sustained about 18.7% even after 21 days 

later. The reduction of FF is the main reason for decrease of PV performance as shown in 

Figure 18c, which should come from the PC form of a non-monolithic film with the 

perovskite photoactive layer and increase the series resistance of devices. 

 

2.5 Chapter summary 

  An effective strategy for interface engineering to further enhancing the PV 

performance of CH3NH3PbI3 PSCs by reducing the interface carrier recombination loss 

and improving perovskite light harvester layer quality has been proposed. Based on this 

strategy, the PMMA- and PC-PSCs have achieved a high PCE of 20.4 and 19.1% from 

reverse J‒V curves and a high SPO of 19.9 and 19.1%. These values are much higher than 

the standard device without PMMA and PC passivation. The PL and impedance 

spectroscopy have been applied to demonstrate the surface morphology modification, 

passivation and protection of perovskite light harvester layer after using insulating 

polymer layer. These results suggest that the quality of passivated film seriously affects 

the PV performance of PSCs. The high PV performance, repeatability and stability of 

PSCs are evidenced that the PMMA passivation is an effective way to realize the 

industrial application of PSCs. The periodical enhancement of the photovoltaic 

performance and stability of PSCs using polymers passivation is still not enough for the 

industrial application, which the typical and common used TiO2 materials severely limits 

the PCE and stability of PSCs because of the UV light sensitive and energy mismatch. 

Therefore, it is necessary to further enhance the perovskite film quality on more excellent 

electron transport materials. 
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Chapter 3. SnO2 based flexible perovskite solar cells 

 

3.1 Abstract 

 

An unprecedented development of the photovoltaic (PV) performance of 

organic/inorganic perovskite solar cells (PSCs) within few years, the perovskite 

photovoltaics have been regarded as the most promising candidate for new generation 

solar-electric conversion devices. The low temperature of fabrication of perovskites 

promote they can apply in flexible PVs equipment, wearable electronics, portable system 

and bendable displays. But the main evaluation factor of bending durability of flexible 

PSCs (fPSCs) is still far behind the realistic application, especially the dissatisfied 

properties of metal oxide electron transport materials (ETM) for fPSCs. Here, the SnO2 

nanoparticle has been used for ETM for fPSCs (SnO2-fPSCs), realizing excellent PV 

performance and bending durability. The 17.1% of power conversion efficiency (PCE) 

with a negligible hysteresis and a 17.0% stabilized power output (SPO) of SnO2-fPSCs 

on 0.1 cm2 active area. Moreover, this SnO2-fPSCs can sustain an extremely high bending 

durability of 76.5% compared with its initial PCE even after 2000 bending cycles at a 

small of bending radius 4 mm, which comes from the excellent mechanic resistance of 

nanoparticle of SnO2 film. The large active area of 1 cm2 of SnO2-fPSCs has also realized 

and achieved a 16.2% PCE and 15.9% SPO, respectively. Interesting finding of 

application of SnO2 as ETM in fPSCs for high PV performance and mechanical properties 

pave a new way for PSCs industrial application. 

 

Keywords: flexible perovskite solar cells, SnO2, electron transport materials, bending 

durability, large active area 
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3.2 Introduction 

  Hybrid organic/inorganic perovskite solar cells (PSCs) have drawn a numerous 

attention because the power conversion efficiency (PCE) has rapidly developed up to 24.2% 

within a decade1–5. One of an interesting research topic of PSCs is the low temperature 

fabrication of flexible PSCs (fPSCs), which has been regarded as a promising candidate 

for the new photovoltaic (PV) devices in the wearable and lightweight PV assembles, 

portable system and bendable displays6–23. 

 

However, the PV performance of fPSCs still cannot compare with the conventional 

PSCs on rigid substrates of ITO or FTO. The fPSCs can be realized on the normal (n-i-

p)6,8,9,11,13–15,22–25 and inverted (p-i-n) structures7,10,12,18,21,26. The fPSCs has achieved 

remarkable development and the PCE increased up to 18.4% on the metal oxide electron 

transport materials (ETM) in the normal architecture27, however, the bending durability 

of normal architecture fPSCs is still lower than that of the inverted structure devices17,18, 

because the low mechanical resistance of metallic oxide ETM14,27. In order to achieve 

high mechanical resistance of fPSCs, the preparation process of inverted architecture 

always is complicated than that of normal structure and the active area is still extremely 

small, which will severely limit the industrial application18. Moreover, the large amount 

of organic materials introduced into the inverted architectures fPSCs, such as hydrophilic 

property of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PPS), 

which seriously affect the stability of PV performance due to the hydrophily in the 

ambient condition. 

 

  The PV performance of normal architecture fPSCs has obtained substantial progress 

due to the new ETM exploration, and the stability also has been dramatically enhanced 

due to the metal oxide ETM application. Various materials have be applied as the ETMs 

in normal fPSCs, such as TiO2
6,16,28,29, ZnO24,30–33, ZnSnO2

25, SnO2
13,14,27 and fullerene 

derivatives34,35, where the highest PCE reported to date is over 18.0%. Even though the 

PV performance has been enhanced after several years’ endeavors on using metal oxide 

ETM, the notorious hysteresis still happens14,24,27,28. Moreover, the mechanical resistance 

of n-i-p fPSCs is still unsatisfied and much lower than that of p-i-n devices6,14,21,27,28. 

Therefore, it is necessary to explore new ETM or structure to enhance the bending 

durability of n-i-p fPSCs and promote it to realize industrial application. Moreover, the 

active area is an another important factor for application and enhance the competence of 

fPSCs.  
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  Metal oxide material of SnO2 has been widely applied in the PV devices as the ETM 

because of high conductivity and carrier mobility, such as dye-sensitized solar cells36,37, 

glass substrate PSCs4,38–43 and fPSCs13,14,27,44–46. The properties of high carrier mobility 

and perfect energy alignment with a deep conduction band for efficient electron extraction 

of SnO2 has been demonstrated, resulting a high PV performance and negligible 

hysteresis in solar cells4,38,42. The low temperature fabrication of SnO2 films promote it 

possibility for application in fPSCs as ETM4,38,39,41,42. However, the bending durability of 

SnO2-fPSCs still locates at an unsatisfied state and much lower than that of the p-i-n 

structure devices and small active area27,44,45, which seriously limits the commercial 

utilization. 

 

  Here, I successfully realized an application of SnO2 as the ETM in normal architecture 

fPSCs (SnO2-fPSCs) with a perovskite light harvester layer of 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. A high PCE of 17.0% and a stabilized power 

output (SPO) of 17.0% have been achieved with a negligible hysteresis on small active 

area of 0.1 cm2 SnO2-fPSCs. The SnO2-fPSCs can maintain a high bending durability of 

ca. 76.5% compared with the initial efficiency even after 2000 bending cycles testing at 

a small bending radius of 4 mm. A high PV performance of 16.2% PCE and 15.9% SPO 

have been obtained on the large active area of 1 cm2. The outstanding PV performance 

and mechanical resistance of SnO2-fPSCs promote the future commercial application of 

fPSCs. 

 

3.3 Experimental section 

Materials: All chemicals were used as received, without further purification. Tin oxide 

substrate (ITO, 10 Ω) and flexible PEN/ITO (10 Ω) were obtained from GEOMATEC 

and Oike  Co., Ltd. SnO2 nanoparticles (15 wt%) with a particle size of 10–15 nm in 

H2O colloidal dispersion were acquired from Alfa Aesar. Lead (II) iodide (PbI2, 99.99%), 

lead (II) bromide (PbBr2, 99%), methylammonium bromide (MABr, > 98.0%) 

formamidinium iodide (FAI, > 98.0%), cesium iodide (CsI, 99.9%) and titanium 

diisopropoxide bis(acetylacetonate) (TiAcac) were purchased from Tokyo Chemical 

Industry Co., Ltd. Benzyl alcohol (99.8%) and TiCl4 (99.0%) were acquired from Sigma-

Aldrich Co., Ltd. The solvent chemicals N,N-dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), and chlorobenzene were dried before use. 2,2′,7,7′-Tetrakis(N,N-di-

p-methoxyphenylamino)-9,9′-spirobifluorene (spiro-OMeTAD) was purchased from 

Merck Co., Ltd. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) salt powder, 

dehydrated ethanol, acetone, 2-propanol, other solvents were purchased from Wako 
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Chemical Co., Ltd. and used as received without no special treatment unless otherwise 

noted. 

 

ITO substrate preparation: The glass/ITO and PEN/ITO substrate are etched using zinc 

powder and 6 M HCl solution. The etched ITO glass substrates are washed in 

concentration of about 1 wt% aqueous detergent solution, acetone, IPA and distilled water 

with a sonication each step for 10 min, respectively. The cleaned ITO glass substrates are 

dried by an air gun and cut into 2525 mm2 size. As for the PEN/ITO substrates are 

washed by distilled water after etching and dried by bibulous papers to remove the 

residual water on surface. The all substrates are stored in a dry box for following 

experiment. 

 

SnO2 ETM deposition: The SnO2 nanoparticle is directly spin coated on the glass ITO 

substrate at program of 3000 rpm for 30 s and post-treated at temperature of 150 ℃ for 

30 min in ambient condition with a concentration of 5 wt%. As for the PEN/ITO/SnO2 

substrates, the same deposition process of SnO2 has been employed after pasting the 

flexible substrate on glass substrate. As for the TiO2 sample, the TiO2 crystal is fabricated 

using the non-hydrolytic sol-gel approach as according to previous reported47. The TiO2 

crystals are deposited on glass ITO substrate using the same process as that of SnO2 and 

then post-treated at 150 ℃ for 30 min.  

 

Fabrication of PSCs: The perovskite precursor solution consists of excess PbI2
48,49  with 

component of FAI (1 M), PbI2 (1.1 M), MABr (0.2 M) and PbBr2 (0.2 M) in anhydrous 

DMF:DMSO 4:1 (v:v), a pre-dissolved 1.5 M solution of CsI in DMSO is mixed into the 

precursor solution. The mixed precursor solution dissolves at 40 C for 40 min to 

guarantee all chemicals fully dissolving. 

 

The prepared perovskite precursor solution is spin coated on ITO/SnO2 and TiO2 glass 

substrates at 1000 and 6000 rpm for 10 and 20 s of two steps, respectively, after treating 

the substrates with Ozone killer to enhance the affinity between the perovskite and 

substrates. The anti-solvent of toluene with 400 μL is quickly splashed within 2 s at 6 s 

before finishing the spin coating program. The sample’s color quickly changes from 

transparency to the light brown after splashing the toluene. Then, the sample is directly 

transferred to the hotplate for post-treatment at 150 C and 10 min to realize high quality 

perovskite light harvester with a large crystal size. The spin coating and post-treatment 

processes of flexible PEN/ITO are same as the glass substrate. The HTL solution is 
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prepared with 0.06 mmol spiro-OMeTAD, 0.009 mmol Co(4-tert-butylpyridyl-2-1H-

pyrazole)3·3TFSI, 0.03 mmol Li-TFSI and 0.1 mmol tBP in 1 mL chlorobenzene. The 

fully dissolved HTL solution is spin coated at 4000 rpm for 30 s and post-treated at 70 °C 

for 30 min. Finally, the ca. 80 nm of Au electrode film is thermal deposited on vacuum 

condition. 

 

Characterizations: All evaluations of perovskite light harvester layers and PSCs are 

finished at ambient condition. The perovskite light harvester layer with about 500 nm 

thickness is used to the photoluminescence (PL) and absorption measurements at an 

excitation wavelength of 532 nm (a power of 75 W) and UV/Vis spectrophotometer 

(Shimadzu, UV-1800) apparatuses. The time resolved PL of perovskite photoactive layer 

is recorded by a single-photon counting setup with a 516 nm wavelength and 6.9 ns width 

pulsed laser using 2.7 nW power.    

 

Photovoltaic performance of PSCs is conducted at a solar simulator (San-Ei Electric, 

XES-40S1) under AM 1.5 conditions (100 mW/cm2) with a calibration cells 

(Bunkoukeiki, BS-500BK). The current density‒voltage (J‒V) curves are measured using 

a source meter (Keithley, 2400) and a 0.1 cm2 metal mask at ambient condition. J‒V 

curves of PSCs are recorded from forward (−0.1 to 1.2 V) and reverse (1.2 to −0.1 V) 

scanning directions without any preconditioning (light soaking or the application of a 

forward bias voltage for a prolonged period before starting the measurement) at a 50 mV/s 

voltage sweep rate. The stabilized power output (SPO) is evaluated under maximum 

power point (MPP) tracking with a bias voltage from the J‒V scanning. The external 

quantum efficiency (EQE) is analyzed at a monochromatic Xe arc light system 

(Bunkoukeiki, SMO-250III) by measuring incident-to-power conversion efficiency. 

Atomic force microscopy (AFM) (SII, Nanocute) and SEM (JEOL, JEM-6500F) are 

applied to characterize the surface roughness, surface and cross-sectional morphology of 

perovskite light harvester layer and PSCs, respectively. An electrochemical analyzer 

(ALS/HCH, 660 EAW) is used to record the impedance spectroscopy of PSCs with a 5 

mV AC amplitude and frequency ranging from 100 kHz to 0.1 Hz. The continuous light 

soaking stability of PSCs is conducted at the heat and weather resistibility test system 

(Bunkoukeihi, BIR-50P1). The bending durability testing is conducted by a home-made 

system with various bending radius. 
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3.4 Results and discussion 

3.4.1 Films characterization  

  Morphology of ITO, ITO/SnO2, and ITO/TiO2 substrates   

  Figure 1 show the surface morphology of SnO2 and TiO2 electron transport materials 

(ETM) on the ITO substrates using SEM50. The SnO2 and TiO2 nanoparticles uniformly 

and fully cover on the ITO substrates, as shown in Figures 1a-c. Interesting, the SnO2 

forms more compact film on the ITO substrate compared with the TiO2. The surface 

roughness of SnO2 and TiO2 is characterized by AFM, as shown in Figure 2. The SnO2 

film can achieve more flat surface with a surface roughness of 19.0 nm compared with 

that of TiO2 sample (19.8 nm). 

 

Figure 3. Planar architecture of PSCs using electron transport materials (ETM) of 

SnO2 or TiO2.  

 

Au

ETM: SnO2 and TiO2

 

Figure 1. Surface morphology characterization of (a) ITO substrate, (b) ITO/ SnO2, 

(c) ITO/TiO2 using SEM, respectively. Reprinted with permission from ref. 50. 
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Figure 2. Surface roughness characterization of (a) ITO/TiO2 and (b) ITO/ SnO2 using 

AFM, respectively. 
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Schematic architecture of planar PSCs 

Figure 3 shows the schematic architecture of planar PSCs. The PSCs consist of the 

glass/ITO substrate, ETM (SnO2 and TiO2), perovskite light harvester layer of 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3, HTL of spiro-OMeTAD and the Au electrode, 

respectively. 

 

Morphology of perovskite on rigid substrates 

Figure 4 shows the surface and cross-section morphology of perovskite light harvester 

 

Figure 4. Surface and cross-sectional morphology characterization of perovskite and 

PSCs. (a, b) SEM images of TiO2 based perovskite and PSCs. (c, d) SEM images of 

SnO2 based perovskite and PSCs. The scale bar is 1 µm and 500 nm, respectively. 
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Figure 5. Surface roughness characterization of perovskite on the TiO2 (a) and SnO2 

(b) ETM substrate. The scale bar is 1 µm. 
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layer and PSCs on TiO2 and SnO2 films surface, respectively. A dense and compact of 

perovskite light harvester layer fully covers on the TiO2 and SnO2 surface without any 

voids or cracks, as shown in Figures 4a and c. The perovskite light harvester crystals 

achieve an average grain size of ca. 700 nm and largest one exceeds 1 µm on SnO2, which 

is substantially larger than those of TiO2 based sample and previous reported values of 

Cs-perovskite43,48,51. Indicating that a high PV performance of PSCs will be achieved on 

the SnO2 based devices with a high open-circuit voltage (VOC) and hysteresis free, because 

the reduction of grain boundaries of large grain size of perovskite light harvester layer 

can decrease the trap-states and carrier recombination loss18. Figures 4b and d show the 

cross-sectional images of PSCs with various ETMs. A configuration of PSCs with various 

thickness of SnO2, perovskite, HTL and Au is about 25, 500, 250 and 80 nm, respectively, 

and the thickness of TiO2 is approximately 30 nm. The surface roughness of perovskite is 

evaluated using AFM and the results summarized in Figure 5 and Table 1, respectively. 

The SnO2 based perovskite light harvester sample shows a smaller surface roughness of 

about 62 nm comparing with that of 78 nm of perovskite on TiO2. 

 

Figure 6. Optical properties of perovskite on glass, TiO2 and SnO2 substrates. (a) 

Absorption and PL spectra, (b) TRPL decay of perovskite on glass, TiO2 and SnO2 

substrates. The instrumental response function (IRF) is also shown. 
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Table 2. Summary of TRPL decay of perovskite, TiO2/perovskite and 

SnO2/perovskite. Parameters a, 1, 2, PL are amplitude ratio, decay constants of fast 

and slow components and the averaged PL decays. 

 

Sample a τ1 (ns) τ2 (ns) τPL (ns)

Perovskite 0.49±0.04 23.3±2.2 103.3±4.4 63.8±0.3

SnO2/perovskite 0.79±0.01 6.9±0.6 41.7±4.4 13.7±1.4

TiO2/perovskite 0.79±0.01 12.7±0.4 60.7±2.9 22.6±0.5
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Optical properties of perovskite light harvester layer 

Figure 6 show the absorption, PL and time-resolved PL (TRPL) characterizations of 

perovskite light harvester layers on the glass, TiO2 and SnO2 surface, respectively. Figure 

6a exhibits the absorption spectrum of perovskite light harvester layer on glass substrate 

with a 725 nm absorption peak, which causes about 10 nm blue-shifted compared with 

that of the previous obserations43,48. The PL spectra shows a peak at 750 nm, which also 

happen 10 nm blue-shifted compared with that of previous observations43,48, indicating 

that a more higher VOC of PSCs will be obtained due to the increased bandgap of blue-

shifted absorption and PL spectra. Moreover, the PL intensities remarkably decrease after 

replacing the glass substrate by SnO2 and TiO2, indicating that the charge carrier of 

electron have been efficiently extracted by ETM. The dramatically decrease of PL 

intensities of SnO2 compared with those of TiO2, indicating that a much better electron 

extraction efficiency because of the deeper conduction band and higher carrier mobility 

of SnO2
36,38. The TRPL spectroscopy has been used to study the photoexcited carrier 

dynamics. TRPL decay profiles of perovskites, SnO2/perovskite and TiO2/perovskite, 

have been shown in Figure 6b. The SnO2/perovskite exhibits the most shorter decay 

compared with that of two other samples. The TRPL profiles are re-drawn using the fitted 

curves of double-exponential functions as solid lines. The analyzed TRPL decay time has 

been summarized in Table 2. The lifetime of perovskite light harvester layer remarkably 

decreases from about 63.8 ns to 22.6 and 13.7 ns from glass to TiO2 and SnO2 substrates, 

respectively, which are well consistent with the results of PL intensity. The carrier 

extraction efficiency of SnO2 is much higher than that of TiO2, because of the shallower 

conduction band, lower carrier mobility of TiO2 and interface trap states between the 

perovskite and TiO2
38,52,53.  

 

 

Figure 7. Photovoltaic performance of PSCs on TiO2 and SnO2 ETM. (a) J‒V curves, 

(b) Time evolution of SPO under MPP extracted from forward scanning, (c) EQE and 

integrated current-density of TiO2- and SnO2-PSCs. 
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3.4.2 J‒V characterization of perovskite solar cells on rigid substrates 

Figure 7a shows the J‒V curves of PSCs based on TiO2 and SnO2 ETM. The SnO2-

PSCs exhibit a high PCE of 18.6 (18.3)% with a high VOC of 1.17 (1.17) V, a short-circuit 

current density (Jsc) of 21.2 (21.1) mA/cm2, and a fill factor (FF) of 75.2 (74.4)%, which 

are much higher than those of TiO2-PSCs with a PCE of 11.6 (14.4)%, a VOC of 1.13 (1.16) 

V, a Jsc of 19.2 (18.8) mA/cm2, and a FF of 53.1 (65.6)% measured at forward (reverse) 

voltage scanning. Noted that the hysteresis of J‒V curves of SnO2-PSCs is very small 

compared with that of the TiO2-PSCs. The excellent photovoltaic performance of SnO2-

PSCs attributes to the high quality of perovskite light harvester layer, superior optical 

properties and high efficiency of carrier extraction compared with those of TiO2-PSCs. 

 

The stabilized power output (SPO) of PSCs has also been measured to evaluate the 

reliability of PCE extracted from J‒V curves. Figure 7b shows the SPO of SnO2-and TiO2-

PSCs under forward scanning maximum power point (MPP) with a bias voltage of 0.95 

and 0.80 V, respectively. A 18.2% SPO of SnO2-PSCs has achieved and much higher than 

that of the TiO2-PSCs value of 13.3%. The achieved SPO of SnO2- and TiO2-PSCs are 

well consistent with the results from J‒V curves and SnO2-PSCs exhibits a very high 

stability without any reduction even after 800 s continuous measurements. 

 

Figure 8. Repeatability properties of PSCs on TiO2 and SnO2 ETM. (a-d) Statistical 

calculation of repeatability of TiO2- and SnO2-PSCs, including JSC, VOC, FF and PCE. 

(red: 35 SnO2-PSCs; black: 26 TiO2-PSCs). 
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The external quantum efficiency (EQE) of PSCs has been determined by a typical 

incident-photon to current-efficiency (IPCE), as shown in Figure 7c. The SnO2- and TiO2-

PSCs show a similar response range from 300 to 800 nm, however, the SnO2-PSC exhibits 

a much higher maximum value of EQE of 90.5% compared with that of TiO2-PSCs 

(84.2%). Moreover, the SnO2-PSC obtains a higher integrated current-density of 21.1 

mA/cm2 compared with that of TiO2-PSCs with 19.1 mA/cm2, which are all well 

consistent with the results of J‒V curves. 

 

A large number of devices (35 SnO2- and 26 TiO2-PSCs) have been fabricated to 

evaluate the repeatability of devices’ performance. Figure 8 shows the statistical 

calculation of SnO2- and TiO2-PSCs, including the parameters of JSC, VOC, FF and PCE. 

The SnO2-PSCs achieves an average value of ca. 18.1% PCE with a distribution from 

17.5 to 18.6% on the forward scanning, which are much higher than those of TiO2-PSCs 

with an average of approximately 9.1% PCE and a range from 7.4 to 11.6%, as shown in 

Figure 8a. All other parameters of JSC, VOC, FF of SnO2-PSCs are exceeding over than 

those of TiO2-PSCs, as shown in Figures 8b-d.  

 

The excellent results of PCE, stability and repeatability of PV performance of SnO2-

 

Figure 9. (a) Schematic of SnO2-fPSCs. (b, c) Surface and cross-sectional SEM 

images of the perovskite layer on a flexible PEN/ITO substrate and SnO2-fPSCs. (d) 

AFM image of the perovskite layer on flexible PEN/ITO/SnO2 substrate. The scale 

bar is 1 µm and 500 nm, respectively. 
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PSCs and low temperature deposition indicate that the SnO2 has a great potential 

application in flexible PSCs with high efficiency as an electron transport layer (ETL).  

 

3.4.3 Perovskite light harvester layer characterization on flexible substrate 

  Surface morphology evaluation  

  Figure 9a shows the schematic configuration of flexible PSCs (fPSCs), consisting of 

PEN/ITO, SnO2, perovskite, HTL and Au electrode. The SnO2 nanoparticle has been 

directly deposited on the flexible ITO surface using same spin coating program and post-

treated at 150 ℃ for 30 min in room condition. Figure 9b presents the surface morphology 

of perovskite light harvester layer on the flexible substrate using SEM. The perovskite 

exhibits a similar morphology of crystal size to that on the rigid substrate. Noted that 

some and obvious white plates appears on the perovskite surface because of the excessive 

PbI2 in perovskite precursor composition, which is similar to that on the rigid substrate 

and previous study37,48,49. The cross-sectional characterization of flexible PSCs has been 

shown in Figure 9c. The thickness of each layer on the flexible substrate is similar to that 

on the rigid substrate. AFM has been conducted to record the surface roughness of 

perovskite light harvester layer on flexible substrate. An average roughness of 71 nm of 

perovskite layer on the flexible substrate is similar to those on the rigid substrate, as 

shown in Table 1. 

 

3.4.4 J‒V characterization of perovskite solar cells on flexible substrates 

  Figure 10 shows the J‒V curves of best performance fPSCs using SnO2 (SnO2-fPSCs) 

as the ETL. The SnO2-fPSCs achieved a high PCE of 17.0 (17.1)% with a VOC of 1.16 

(1.16) V, a Jsc of 20.1 (20.0) mA/cm2, and a FF of 72.8 (73.1)% measured at forward 

(reverse) voltage scanning with a negligible hysteresis, as shown in Figure 10a. The 

 

Figure 10. Photovoltaic performance of fPSCs on SnO2 ETM. (a) J‒V curves, (b) 

Time evolution of SPO under MPP extracted from forward scanning. The photograph 

of fPSCs is also shown. (c) EQE and integrated current-density of SnO2-fPSCs. 
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excellent PCE of 17.1% under reverse scanning condition of the SnO2-fPSCs is higher 

than those of fPSCs in a normal structure6,16,17,19,24,25,27–34 and some inverted architecture 

devices7,18,54–56. A high SPO of 17.0% has been obtained and maintained a superior 

stability even after 1500 s continuous light soaking characterization, as shown in Figure 

10b. The high value of SPO is well agreement with the PCE result extracted from the J‒

V curves and significant higher than previous reported6,7,16–19,24,25,27,28,29–34,43,52–54. Figure 

10c also shows the transmittance spectra of the flexible PEN/ITO and flexible 

PEN/ITO/SnO2 films. The transmittance spectrum of the PEN/ITO/SnO2 film shows 

almost same value of the flexible PEN/ITO film, indicating that the SnO2 film has no 

affect the transmittance of substrate above 400 nm. The EQE of SnO2-fPSCs has been 

analyzed from IPCE spectroscopy, as shown in the Figure 10d. The EQE spectrum shows 

a response range from 300 to 800 nm in SnO2-fPSCs, which is well agreement with that 

on the rigid substrate results of SnO2-PSCs. The SnO2-fPSCs obtains a maximum EQE 

value of about 87.0% with an integrated current-density of 19.6 mA/cm2, which is also 

well consistent with the J‒V curves’ value. 

 

  A large amount of SnO2-fPSCs (28 devices) have been fabricated to confirm the 

 

Figure 11. Repeatability property of fPSCs on SnO2 ETM. (a-d) Statistical calculation 

of photovoltaic parameters of SnO2-fPSCs, including JSC, VOC, FF and PCE. (28 SnO2-

fPSCs). 
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repeatability of flexible devices. Figure 11 shows the all statistical calculation results of 

SnO2-fPSCs with parameters of JSC, VOC, FF and PCE. The SnO2-fPSCs shows a high 

average value of about 16.2% PCE with a narrow distribution from 15.0 to 17.0%, in 

Figure 11d. These high values of SnO2-fPSCs are much higher than previous reported 

TiO2, ZnO2 and ZnSnO4 based flexible PSCs with a normal architecture6,24,29,32. The JSC, 

VOC and FF of SnO2-fPSCs also exhibit a narrow distribution. 

 

3.4.5 Bending durability characterization of flexible perovskite solar cells 

  Mechanical bending resistance is one of the most critical evaluation index for specific 

utilizations of fPSCs such as a wearable and portable electronic equipment, therefore the 

bending stability is a main factor of performance in the fPSCs. Figure 12 shows the 

analyzed results of bending durability characterization of the SnO2-fPSCs. Various 

bending radii (R) of 13.5 mm (R13.5), 9 mm (R9.0) and 4 mm (R4.0) has been used to 

evaluate the bending durability of SnO2-fPSCs with normalized PCE, as shown in Figure 

12a. As the extension of bending cycles, the PV performance of SnO2-fPSCs decrease 

and the reduction degree of the PV performance increase as the bending radius becomes 

small. However, the SnO2-fPSCs can sustain over 80.0% of its initial PCE value even 

 

Figure 12. Bending durability testing of SnO2-fPSCs at various bending radius of 

13.5, 9 and 4 mm. (a-d) Normalized JSC, VOC, FF and PCE of SnO2-fPSCs after 400 

bending cycles testing. The photograph of SnO2-fPSCs is also shown in (a). 
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after 400 bending cycles at the smallest bending radius of 4 mm. The other parameters of 

normalized JSC, VOC and FF keep a very high stability of 98.1, 94.6 and 86.2%, 

respectively, as shown in Figures 12b-d. 

 

  The harsh bending testing has been introduced into evaluate the bending durability at 

a small bending radii of R9.0 and R4.0, as shown in Figure 13. The SnO2-fPSCs can 

maintain an excellent bending durability of ca. 80% normalized PCE and keep almost 

constant from 1000 to 2000 bending cycles at bending radii of R9.0 and R4.0 according to 

the Figure 13a. Figure 13 shows the SnO2-fPSCs can sustain high values of normalized 

PV performance of ca. 76.5, ca. 97.8, ca. 94.1 and ca. 83.2% of the initial PCE, JSC, VOC 

and FF, especially in the bending radius of R4.0. The superior bending durability of SnO2-

fPSCs can be compared with that of poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) 

(PTAA) HTL based flexible devices20, and much higher than those of normal structure 

PSCs using inorganic ETM and inverted architecture PSCs using graphene 

electrode6,20,21,27 – 32,34,52,54, especially higher than SnO2-fPSCs fabrication by other 

methods27,44,45.  

 

 

Figure 13. Bending durability testing of SnO2-fPSCs at various bending radius 

of 9 and 4 mm. (a-d) Normalized JSC, VOC, FF and PCE of SnO2-fPSCs after 2000 

bending cycles testing. 

0 400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

 R 9 mm

 R 4 mm

N
o
rm

a
liz

e
d
 P

C
E

Bending cycles

0 400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 J

S
C

Bending cycles

 R 9 mm

 R 4 mm

0 400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

 R 9 mm

 R 4 mm

N
o
rm

a
liz

e
d
 F

F

Bending cycles

0 400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 V

O
C

 R 9 mm

 R 4 mm

Bending cycles
(c)

(a)

(d)

(b)



76 

 

The PV performance of SnO2-fPSCs slowly reduces as the bending testing extends. 

Therefore, the J‒V curves of SnO2-fPSCs with bending testing of 2000 cycles at bending 

radius of R9.0 has been summarized in Figure 14a. The seriously reductions of FF and 

VOC are main reasons for the photovoltaic performance deterioration of SnO2-fPSCs. The 

detailed parameters are summarized at Table 3.  

 

The series resistance (Rs) has been summarized from J‒V curves with bending cycles 

and plotted in Figure 14b. The Rs of SnO2-fPSCs slowly increases as bending cycles and 

reaches to a relative stable value after 1000 bending cycles. The Rs value dose not increase 

obviously as bending cycles increase, which evidences the reason of the moderate 

reduction in the PV performance on high bending cycles until to 2000. 

 

Figure 14. (a, b) J‒V curves and Rs of SnO2-fPSCs under various bending cycles at 

bending radius of 9 mm. 
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Table 3. Summary of the photovoltaic performance of SnO2-fPSCs during 2000 

bending cycles testing. 

 

Bending cycles JSC (mA/cm2) VOC (V) FF (%) PCE (%) RS (Ω*cm2)

0 19.8 ± 0.1 1.15 ± 0.00 69.8 ± 0.7 15.9 ± 0.3 10.5 ± 1.2

20 20.0 ± 0.2 1.15 ± 0.01 69.2 ± 0.0 15.9 ± 0.3 10.4 ± 0.9

40 20.0 ± 0.1 1.14 ± 0.01 68.2 ± 0.5 15.5 ± 0.3 10.9 ± 0.4

60 19.9 ± 0.1 1.13 ± 0.01 67.7 ± 0. 6 15.2 ± 0.3 10.8 ± 0.4

80 20.1 ± 0.1 1.12 ± 0.01 67.4± 0.7 15.2 ± 0.3 10.5± 0.4

100 20.1 ± 0.1 1.12 ± 0.00 65.9 ± 1.0 14.8 ± 0.3 11.4 ± 0.8

150 20.0 ± 0.1 1.11 ± 0.01 65.2 ± 0.7 14.4 ± 0.3 11.4 ± 0.9

200 19.9 ± 0.2 1.10 ± 0.01 64.2 ± 0.7 14.1 ± 0.3 11.9 ± 0.8

400 19.9 ± 0.1 1.10 ± 0.00 62.2 ± 1.1 13.6 ± 0.3 13.4 ± 0.9

600 19.8± 0.2 1.09 ± 0.00 62.0 ± 1.1 13.4 ± 0.3 13.6 ± 0.7

800 19.9 ± 0.1 1.08 ± 0.00 60.2 ± 1.0 13.0 ± 0.2 14.5 ± 0.7

1000 19.7 ± 0.2 1.08 ± 0.01 59.3 ± 1.1 12.6 ± 0.3 15.2 ± 0.7

1500 19.8 ± 0.2 1.07 ± 0.00 58.4 ± 1.1 12.4 ± 0.2 15.6 ± 0.7

2000 19.7 ± 0.1 1.07 ± 0.00 58.7 ± 1.3 12.4 ± 0.2 15.4 ± 0.8
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3.4.6 Analysis of photovoltaic performance reduction of SnO2 flexible perovskite 

 

Figure 15. Surface morphology characterization of SnO2-fPSCs before and after 

bending testing at 400 bending cycles. (a, c, e, g, i) and (b, d, f, h, j) SEM images of 

flexible PEN/ITO, flexible PEN/ITO/SnO2, flexible PEN/ITO/SnO2/perovskite, 

flexible PEN/ITO/SnO2/perovskite/spiro-OMeTAD and flexible 

PEN/ITO/SnO2/perovskite/spiro-OMeTAD/Au before and after bending testing, 

respectively. The scale bar is 1 µm. 
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solar cells  

 

  The surface morphology of each component of SnO2-fPSCs has been characterized to 

study the physical reason of degradation of PV performance as bending testing extension. 

Figure 15 shows the surface morphology characterization of SnO2-fPSCs using SEM at 

bending radius of R9.0 after 400 bending cycles, including flexible PEN/ITO, flexible 

PEN/ITO/SnO2, flexible PEN/ITO/SnO2/perovskite, flexible 

PEN/ITO/SnO2/perovskite/spiro-OMeTAD and flexible 

PEN/ITO/SnO2/perovskite/spiro-OMeTAD/gold (Au). The component of SnO2, 

perovskite and spiro-OMeTAD layer surface morphologies have no observable variations 

compared with their morphologies using SEM images before the bending testing. 

Interesting, the flexible PEN/ITO and Au electrode films surface appear some penetrating 

cracks compared with those of before bending testing, because of the brittles of ITO and 

Au, which are well consistent with the previously results6,10,18,32.  

 

  The augment of Rs comes from the deteriorated properties of the ITO and Au electrodes, 

which induces the PV performance reduction of SnO2-fPSCs. Interesting, the surface 

morphology of SnO2 film does not show any changes after harsh bending testing, in which 

the bending stress could be released between the nanoparticle grain boundaries because 

SnO2 thin film consists with nanoparticles. These results indicate that the SnO2 film can 

still sustain an excellent property of carrier extraction efficiency and transportation ability. 

The relative resistance of flexible ITO/PEN and SnO2/ITO/PEN films has been measured 

using four points probe to confirm the resistance variations. Figure 16 shows the relative 

resistance increment rate of flexible ITO/PEN and SnO2/ITO/PEN films, indicating that 

the increase rate of flexible ITO/PEN film is much higher than that of SnO2/ITO/PEN as 

 

Figure 16. Relative resistance variation (∆R/R0) of the ITO/PEN and ITO/PEN/SnO2 

films as the function of bending cycles at bending radius of 9.0 mm. 
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the bending cycles extension, but that of the SnO2/ITO/PEN shows slowly increase at low 

bending cycles (less 500) and reaches to relative stable value after 500 cycles until to 

2000. That is why the SnO2 can sustain high carrier transport ability. 

 

3.4.7 Highest open-circuit voltage of SnO2 flexible perovskite solar cells 

  An extremely high VOC of 1.18 eV has been achieved on the SnO2-fPSCs, as shown in 

Figure 17. It is the highest VOC of flexible PSCs6,7,16,17–21,24–32,34,43,44,52–54 and also can be 

compared with that of 1.20 V on the rigid substrates PSCs in Figure 8. The SnO2-fPSCs 

with highest VOC has obtained a high PCE and SPO of 15.9 and 15.7% according to the 

J‒V curves and continuous light soaking measurements, respectively, as shown in Figure 

17a and b.  

 

Figure 17. Photovoltaic performance of SnO2-fPSCs with the highest VOC at a small 

active area of 0.1 cm2. (a) J‒V curves, (b) SPO under MPP extracted from SnO2-fPSCs 

under forward scanning. 
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Figure 18. Photovoltaic performance of SnO2-fPSCs with the highest VOC at a large 

active area of 1 cm2. (a) J‒V curves, (b) SPO under MPP extracted from SnO2-fPSCs 

under forward scanning. The photograph of is SnO2-fPSCs with large active area of 1 

cm2 is also shown. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-5

0

5

10

15

20

                 J
SC  

     V
OC

     FF    PCE

Forward   19.9    1.17   69.4   16.2

Reverse   19.8    1.17   69.4   16.1

 Forward

 Reverse

 Dark Forward

 Dark Reverse

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

/c
m

2
)

Voltage (V)

0 200 400 600 800 1000
0

3

6

9

12

15

18

0

3

6

9

12

15

18

P
C

E
 (

%
)

  J 0.95 V

  PCE 15.9%

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

/c
m

2
)

Time (s)

(b)(a)



80 

 

3.4.8 Large active area SnO2 flexible perovskite solar cells 

  The enlargement of photoactive area and stability of fPSCs are also critical factors for 

the commercial application. Although the fPSCs has achieved a rapid progress on the PV 

performance, the active area of fPSCs is still very small and less than about 0.1 cm2, 

which is far behind the application requirements. Interesting, the solution process is 

preferable for the large active area fPSCs due to the low fabrication temperature of SnO2. 

Therefore, the large active area with 1 cm2 of SnO2-fPSCs has been fabricated and show 

J‒V curves in Figure 18. According to the J‒V curves, SnO2-fPSCs achieve an excellent 

PCE of 16.2 (16.1)% with a VOC of 1.17 (1.17) V, a Jsc of 19.9 (19.8) mA/cm2, and a FF 

of 69.4 (69.4)% measured at forward (reverse) voltage scanning with a negligible 

hysteresis, which is the highest value on the large active area of fPSCs and much higher 

than that of previously reported result on 0.09 cm2 photoactive area18. Figure 18b shows 

the SPO of 15.9% of SnO2-fPSCs with a large active area of 1 cm2 and keeps relative 

high stability even after 1000 s continuous light soaking evaluation, which is well 

agreement with the J‒V curves results. The PCE values and SPO stability under 

continuous light soaking of large active area SnO2-fPSCs are little worse than that of the 

small active area devices because of the more complicated interfaces and relative low 

quality. However, the successful certification of excellent PV performance of SnO2-fPSCs 

with a large active area and high stability, indicating that the SnO2 can be applied as the 

 

Figure 19. Dark storage stability of rigid substrate TiO2- and SnO2-PSCs and SnO2-

fPSCs at room temperature and a relative humidity of ca. 33.0%, respectively. (a-d) 

JSC, VOC, FF and PCE of TiO2- and SnO2-PSCs and SnO2-fPSCs. 
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ETM in fPSCs due to the superior properties and could promote the competition of SnO2-

fPSCs for commercial applications.  

 

3.4.9 Stability evaluation of perovskite solar cells 

  The storage stability of TiO2-PSCs, SnO2-PSCs and SnO2-fPSCs has been evaluated at 

ambient condition with ca. 30% humidity, as shown in Figure 19. The SnO2-fPSCs 

sustains an almost same stability as the SnO2-PSCs and show much better stability 

compared with that of TiO2-PSCs. The SnO2-PSCs and SnO2-fPSCs can sustain an 

excellent value about over 95% compared with that of 75% of TiO2-PSCs. The serious 

decrease of FF of TiO2-PSCs is main reason for reduction of PV performance, as shown 

in Figure 19c, which should come from the weak stability of TiO2 and low quality of 

interface between perovskite light harvester layer and TiO2. The continuous light soaking 

stability of TiO2-PSCs and SnO2-PSCs have been characterized at room temperature with 

a high humidity of ca. 60% under one sun condition.  

 

Figure 20 shows the analysis results of continuous light soaking of TiO2-PSCs and 

SnO2-PSCs. Both of TiO2-PSCs and SnO2-PSCs quickly reduce as soaking time extension 

but the SnO2-PSCs can sustain more long decay compared with that of TiO2-PSCs 

because of the UV un-stability of TiO2
57

 and interfaces deterioration. The quickly 

decrease of two devices should come from the drastic vibration of interface as the 

functions of humidity and light soaking. Therefore, the better stability of PSCs has been 

 

Figure 20. Normalized PCE of SnO2- and TiO2- PSCs evaluated under continuous 1-

Sun light soaking condition with high humidity of over 60.0% and temperature of ca. 

25.0 C in ambient conditions. Both PSCs were not encapsulated. The recovery 

efficiencies were measured after the soaking measurement and storing at dark 

condition for 24 hours with a humidity of ca. 33.0%. 
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achieved using SnO2 as the ETM, and this outstanding stability can be compared with 

those of highest reported value via calculating the degradation rate, as shown in Table 4. 

 

3.5 Chapter summary 

  The SnO2 has been successfully applied in PSCs and achieved a high PCE of 18.6% 

with a negligible hysteresis compared with those of TiO2 based devices (11.6%) with 

severe hysteresis. The SnO2-PSCs can sustain much better storage stability and 

continuous light stability compared with those of TiO2 based device. 

 

  The low temperature fabrication of SnO2 ETM has also been successfully used in the 

fPSCs and achieved high PV performance and bending durability. The SnO2-fPSCs 

obtains a high PCE of 17.1% with negligible hysteresis and SPO of 17.0% in 0.1 cm2 

active area, which can sustain a high bending durability of ca. 76.5% compared with 

initial efficiency even after 2000 bending cycles testing at bending radius of 4 mm. The 

SnO2-fPSCs also achieve a high PCE of 16.2% with an ignorable hysteresis and SPO of 

15.9% on large active area of 1 cm2. The excellent the PV performance of SnO2-fPSCs 

can enhance the competition of flexible PSCs for future industrial application using facile 

fabrication technique, such as roll-to-roll, doctor blade and printing, etc. The outstanding 

finding of SnO2 nanoparticle film as the ETM for flexible PSCs with superior mechanical 

resistance properties and large photoactive area establishes a milestone for the 

commercial application in the future. 

 

The stability of PSCs using SnO2 ETM has been significantly enhanced, however, the 

quality of perovskite still limits the PCE because of the short lifetime of perovskite film 

Table 4. Summary of degradation rate of fPSCs in the storage condition. 

 

Structure
Storage

stability (%)

Humidity 

(%)

Time (h) Degradation 

rate(%/h) Ref.

n-i-p

PEN/ITO/SnO2/Perovskite/spiro-

OMeTAD/Au 97.9 ~ 33 840 0.003
This 

work

PEN/ITO/ZnO(TiO2)/MAPbI3/PTAA/Au ~ 80 (90) ~ 40 360 ~ 0.06 32

PEN/ITO/ED-TiOx/BK-

TiO2+Perovskite/spiro-OMeTAD/Au 64 dry 1000 0.036 29

ITO/CPTA/MAPbI3/spiro-OMeTAD/Au 96
N2 

glovebox 2400 0.002 35

p-i-n

PET/ITO/NiOx(PEDOT:PSS)/MAPbI3/C60

/Ag 85 (0) air 100 0.15 53

PEN/ITO/PEDOT:PSS/PEI.HI/MAPbI3-

xCl3-MAPbI3/PCBM/LiF/Ag <80 air 120 > 0.17 55

PEN/ITO/CNT/ MAPbI3/ SnO@CSCNT 80 80 600 0.03 26

PET/ITO/Ag-

mesh/PH1000/PEDOT:PSS/MAPbI3/Al 90.5
N2 

glovebox 600 0.016 17
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and existed PbI2. And, the severely cracks on the flexible substrate and noble Au electrode 

seriously affect the bending durability of fPSCs. Therefore, it is necessary to further 

enhancing the perovskite quality, utilizing new materials and new structure for 

photovoltaic performance and bending durability promotion. 
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Chapter 4. Second solution growth process of perovskite solar cells 

 

4.1 Abstract 

 

  Hybrid organic/inorganic metal perovskite solar cells (PSCs) have treated as a 

promising new-generation solar-electric conversion devices attribute to the explosive 

development on power conversion efficiency (PCE) and conceivable replacement of 

mainstream photovoltaics of silicon. The continuous increasing PCE of PSCs come from 

the quality of perovskite light harvester layer. Here, a high quality of perovskite with 

highly crystallinity and large crystal size has been obtained using excessive PbI2 and 

second solution growth process (SSGP) approach, which evidenced a high photovoltaic 

performance of planar PSCs in normal structure. The PSCs has achieved a highest fill 

factor (FF) of 83.4% as our knowledge without at expensive of the short-circuit current-

density and open-circuit voltage. Moreover, a high PCE of 21.6% with a FF 81.2% and 

negligible hysteresis in reverse scanning has been obtained. The PSCs can sustain a high 

robust stability, maintaining ca. 70% under continuous light soaking with high humidity 

and ca. 75% under thermal treatment at high temperature of 80 ℃ in nitrogen condition 

of their initial efficiencies, respectively. And, the PSCs obtain a high PCE of 20.1% with 

an ignorable hysteresis at a large active area of 1 cm2. The enhancement mechanisms of 

PSCs have been analyzed using optical properties, carrier extraction efficiency and 

recombination loss of perovskite light harvester. 

 

Keywords: perovskite solar cells, excessive PbI2, second solution growth process, 

photovoltaic performance, stability 
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4.2 Introduction  

  Unprecedented development of hybrid organic/inorganic perovskite solar cells (PSCs) 

has grasped numerous interesting due to the enhancement of power conversion efficiency 

(PCE) to 24.2% within a decade with endeavors of community1–9. Rapidly progressing of 

photovoltaic (PV) performance of PSCs attributes to the incomparable properties of 

organic/inorganic perovskite light harvester layer, for instance, large absorption 

coefficient in visible regions and long carrier diffusion length10,11, high carrier mobility12, 

low exciton binding energy10, and tunable bandgap13–15. A high PV performance of PSCs 

is mainly determined by the quality of perovskite light harvester layer and its interfaces, 

because the carrier generation and transport processes happen on the perovskite and its 

interfaces16. Therefore, countless of endeavors have been invested into improving the 

quality of perovskite light harvester layer, for example, changing the composition of the 

perovskite precursor13,15,17, vacuum-assisted solution deposition technique18,19 and 

solution process secondary growth5,20.  

 

  Among above methods, the application of excessive lead iodide (PbI2)
21–28 could 

promote the quality of perovskite light harvester layer, including crystallinity22 and 

perovskite crystals’ size22. A proper remained PbI2 has been demonstrated the passivation 

of the grain boundaries of perovskite and its interfaces24–26,28, enhancement of electron 

blocking function, reduction of carrier recombination and improvement of hole 

injection3,21,23,25,29. However, the uncertainly amount of remained PbI2 comes from over 

post-treatment or non-stoichiometry of perovskite light harvester layer21,22,25,26, which 

could seriously deteriorate the perovskite quality and induce intrinsic stability under 

continuous light illumination26,28. The PV performance of PSCs using excessive PbI2 

fabrication approached still locates at a dissatisfied and inefficient because the PCE is 

still about 21.0%, even if the short-circuit current density (JSC) has been improved at the 

cost of the reduction of open-circuit voltage (VOC) or fill factor (FF)3,24,25. Therefore, an 

effective approach for achieving a high PCE and stability is necessary using excessive 

PbI2 for perovskite preparation. The obtaining a FF exceeding over 80.0% becomes a 

critical challenge because the FF is always improved at sacrifice of VOC or JSC
30,31. 

 

  In this chapter, an effective approach for achieving high PV performance on planar n-

i-p structure PSCs using the combination of excessive PbI2 and second-solution-growth-

process (SSGP) of perovskite light harvester layer. The X-ray diffraction (XRD), 

scanning electron microscopy (SEM), atomic force microscopy (AFM), 

photoluminescence (PL) mapping/spectroscopy and photoelectron yield spectroscopy 
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have been systematically studied the properties of perovskite light harvester layer. The 

removal of excessive PbI2 can remarkably improve perovskite layer quality and reduce 

the trap states. A high PCE of 21.6% with a negligible hysteresis, a stabilized power 

output (SPO) of 21.3% and a FF of 80.0% have been achieved on the small active area of 

0.1 cm2. The PSCs can maintain a high stability of ca. 70.0% after 250 hours continuous 

light soaking at humidity of ca. 50.0% and ca. 75.0% after 270 hours at high temperature 

treatment (80 C) in nitrogen condition. The PSCs also achieved a highest FF of 83.4% 

in the planar structure devices up to date. Moreover, a high PCE of 20.1% with a 

negligible hysteresis and SPO of 19.3% of PSCs has been realized on large active area of 

1.0 cm2. The high PV performance and stability of PSCs using excessive PbI2 and SSGP 

process has paved a new way for commercial application. 

 

4.3 Experimental section 

Materials: All chemicals were used as received, without further purification. Tin oxide 

substrate (ITO, 10 Ω) and flexible PEN/ITO (10 Ω) were obtained from GEOMATEC 

and Oike  Co., Ltd. SnO2 nanoparticles (15 wt%) with a particle size of 10–15 nm in 

H2O colloidal dispersion were acquired from Alfa Aesar. Lead (II) iodide (PbI2, 99.99%), 

lead (II) bromide (PbBr2, 99%), methylammonium bromide (MABr, > 98.0%) 

formamidinium iodide (FAI, > 98.0%), cesium iodide (CsI, 99.9%) and titanium 

diisopropoxide bis(acetylacetonate) (TiAcac) were purchased from Tokyo Chemical 

Industry Co., Ltd. Benzyl alcohol (99.8%) and TiCl4 (99.0%) were acquired from Sigma-

Aldrich Co., Ltd. The solvent chemicals N,N-dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), and chlorobenzene were dried before use. 2,2′,7,7′-Tetrakis(N,N-di-

p-methoxyphenylamino)-9,9′-spirobifluorene (spiro-OMeTAD) was purchased from 

Merck Co., Ltd. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) salt powder, 

dehydrated ethanol, acetone, 2-propanol, other solvents were purchased from Wako 

Chemical Co., Ltd. and used as received without no special treatment unless otherwise 

noted. 

 

ITO substrate preparation: The ITO substrate is prepared using zinc powder and 6 M 

HCl solution to etch some part of ITO. The etched ITO is cleaned as following procedures: 

ca. 1 wt% aqueous detergent solution washing, sonication of about 10 min in each step of 

acetone, IPA and distilled water, respectively. The cleaned ITO substrates are cut into 

2525 mm2 size after drying using an air gun, and stored at a dry box for following 

experiments. 
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SnO2 ETM deposition: The ITO substrates are deposited SnO2 nanoparticles with 

concentration of 5 wt% as ETM using following program: spin coating at 3000 rpm for 

30 s and annealed at 150 ℃ for 30 min at room condition. The SnO2 ETM substrates are 

kept in a dry condition after post-treatment. 

 

PSCs fabrication: The perovskite precursor solution with excessive PbI2 is prepared by 

mixing the FAI (1 M), PbI2 (1.1 M), MABr (0.2 M), PbBr2 (0.2 M) and a 1.5 M CsI-

DMSO solution in anhydrous DMF:DMSO 4:1 (v:v) solvent. The perovskite precursor is 

dissolving at 40 C until fully dissolving of all chemicals.  

 

The perovskite precursor deposits as two-step spin coating process for perovskite light 

harvester layer: 1000 and 6000 rpm for 10 and 20 s, respectively. The anti-solvent of 

toluene with 400 μL is quickly splashed on ITO substrate within 2 s at 8 s before finishing 

the coating program. Interesting, the color of substrate quickly changes from transparency 

to light brown after dropping toluene. The sample is directly transferred onto hotplate for 

post-treatment at 150 C and 10 min to achieve large crystal size and compact perovskite 

film.  

 

As for the standard PSCs, the hole transport layer (HTL) solution with 0.06 mmol 

spiro-OMeTAD, 0.009 mmol Co(4-tert-butylpyridyl-2-1H-pyrazole)3·3TFSI, 0.03 mmol 

Li-TFSI and 0.1 mmol tBP in 1 mL chlorobenzene is prepared and spin coated on 

perovskite light harvester layer surface at program of 4000 rpm and 30 s. The ∼80 nm of 

Au electrode film is deposited on HTL surface after annealing the HTL film at 70 °C for 

30 min. 

 

As for the SSGP PSCs, a spiro-OMeTAD chlorobenzene solution with extremely low 

concentrations (0, 2 and 5 mg/mL) is loaded on perovskite layer surface to passivate the 

surface and eliminate the trap states before the SSGP, because the thick film of spiro-

OMeTAD will block the electron transport after formation of the second layer of 

perovskite and deteriorate the PV performance of PSCs. The thin film of spiro-OMeTAD 

is deposited at 4000 rpm for 30 s after fully dissolving the spiro-OMeTAD in 

chlorobenzene without any additives at 70 °C. After drying the spiro-OMeTAD thin film 

at 70 °C, the second layer of perovskite film is fabricated by dynamically depositing a 

halide of FABr, FAI and MACl isopropanol (IPA) solution at program of 5000 rpm for 35 

s with various concentrations (3, 5 and 8 mg/mL), in which the FABr, FAI and MACl are 

dissolving in IPA solvent. The IPA solution must be quickly and continuously splashed 
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on the sample’s surface, because the polar property of IPA can dissolve the as-prepared 

perovskite film and deteriorate the PV performance of PSCs. The as-prepared perovskite 

film surface shows shine before post-treatment and changes to dark brown after post-

treatment at 100 °C for 15 min. The HTL and Au films are deposited using same approach 

as the standard PSCs. 

 

Characterizations: All the characterizations of perovskite layer and PSCs are finished at 

air condition. A ca. 500 nm thickness of perovskite layer is prepared for 

photoluminescence (PL) and absorption measurements at an excitation wavelength of 532 

nm (a power of 75 W) and UV/Vis spectrophotometer (Shimadzu, UV-1800) 

apparatuses. The time-resolved PL decay was determined using a single-photon counting 

technique with a 520-nm semiconductor laser and an incident power of 20 nW. The top 

of valance band of perovskite layer is recorded using a photoelectron yield 

spectrophotometer (AC-3E, Riken Keiki Co.) with an excitation power of 10 nW in 

ambient condition. XRD pattern is recorded using X-ray diffractometer (RINT 2500, 

Rigaku Co.). Atomic force microscopy (AFM) (SII, Nanocute) and SEM (JEOL, JEM-

6500F) are applied to characterize the surface roughness, surface and cross-sectional 

morphology of perovskite photoactive layer and PSCs, respectively. Energy dispersive 

X-ray spectroscopy (EDX) measurement is conducted by S4800 (Hitachi High-

Technologies Co.) instrument. 

 

 Photovoltaic performance of PSCs was conducted at a solar simulator (San-Ei Electric, 

XES-40S1) under AM 1.5 conditions (100 mW/cm2) with a calibration cells 

(Bunkoukeiki, BS-500BK). The current density‒voltage (J‒V) curves were measured 

using a source meter (Keithley, 2400) and a 0.1 cm2 metal mask at ambient condition. J‒

V curves of PSCs were recorded from forward (−0.1 to 1.2 V) and reverse (1.2 to −0.1 V) 

scanning directions without any preconditioning (light soaking or the application of a 

forward bias voltage for a prolonged period before starting the measurement) at a 50 mV/s 

voltage sweep rate. The stabilized power output (SPO) was evaluated under maximum 

power point (MPP) tracking with a bias voltage from the J‒V scanning. The external 

quantum efficiency (EQE) was analyzed at a monochromatic Xe arc light system 

(Bunkoukeiki, SMO-250III) by measuring incident-to-power conversion efficiency. An 

electrochemical analyzer (ALS/HCH, 660 EAW) was used to record the impedance 

spectroscopy of PSCs with a 5 mV AC amplitude and frequency ranging from 100 kHz 

to 0.1 Hz. The continuous light soaking stability of PSCs was conducted at the heat and 

weather resistibility test system (Bunkoukeihi, BIR-50P1).  
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4.4 Results and discussion  

4.4.1 Perovskite films characterizations 

Structure description of planar PSCs 

Fabrication procedures and detailed architecture of PSC has been shown in Figure 1. 

A schematic of normal-structure (n-i-p) planar SSGP PSCs, consisting of ITO/SnO2/first 

perovskite layer/spiro-OMeTAD (2,2,7,7-tetrakiss(N,N-di-p-methoxyphenylamine)-9,9-

spirobifluorene) treatment/second growth perovskite layer/spiro-OMeTAD/Au32, is 

exhibited in the center of Figure 1. The first layer of perovskite light harvester of 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 is quickly annealed at 150 C for 10 min after 

dropping the toluene as anti-solvent. The excessive PbI2 composition of perovskite 

precursor solution is used to obtain a large crystal size and high crystallinity15,24. The 

excessive perovskite nuclei formation can be prevented by using the quickly and high-

temperature post-treatment. Subsequently, the as-prepared perovskite light harvester layer 

is passivated using low concentration of spiro-OMeTAD without any additives and 

protected from the damage of second layer perovskite fabrication. The SSGP process has 

been realized through dynamically splashing the halide solution (including 

formamidinium bromide (FABr), formamidinium iodide (FAI) and methylammonium 

 

Figure 1. Illustration of the fabrication process of two-steps growth of perovskite 

using high temperature post-treatment, surface passivation and second solution growth 

process (SSGP) via halide isopropanol solution splashing on 

Cs0.05(MA0.17FA0.83)0.95Pb (I0.83Br0.17)3. The architecture of SSGP PSCs, 

ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/spiro-OMeTAD treatment/SSGP 

perovskite/Au is shown in the center. Reprinted with permission from ref. 32. 
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chloride (MACl)) using isopropanol (IPA) solvent, which are employed to fabricate 

second layer perovskite to eliminate the excessive PbI2 and trap states induced by 

excessive PbI2. The detailed of fabrication processes can be described in the Experimental 

Section. 

 

SEM images of perovskite film without and with SSGP 

  Figure 2 shows the SEM images of the perovskite surface morphology without post-

treatment, which is defined as “as-prepared perovskite” and that after 100 and 150 C 

post-treatment, respectively. Figure 2a shows the un-uniformly formation of the nucleus 

and small grain size (<400 nm) of perovskite light harvester layer because of the quickly 

growth of crystals without annealing treatment. According to previously reported results33, 

the growth process of a large grain size is usually at the expensive of small particles for 

the uniform nucleation process. The grains size of perovskite crystals are quickly 

increased at 150 C annealing, and most of them are larger than 1 µm, while the small 

white plates of Pb(I1-xBrx)2 evidenced by XRD appear on the perovskite surface with a 

 

Figure 2. (a-c) Surface morphology characterization of the Cs0.05(MA0.17FA0.83)0.95Pb 

(I0.83Br0.17)3-perovskite without post-treatment, 100 ℃ and 150 ℃ annealing. The scale 

bar is 1 µm. 
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Figure 3. (a-c) Surface morphology characterization of the Cs0.05(MA0.17FA0.83)0.95Pb 

(I0.83Br0.17)3-perovskite with treatment of spiro-OMeTAD, spiro-OMeTAD+IPA and 

IPA, respectively. The scale bar is 1 µm. 
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density of ca. 5/m2 according to SEM image in Figure 2b. The white plates of Pb(I1-

xBrx)2 are randomly distributed on the perovskite surface and grain boundary, which is 

similar to the previously observations24. The average grain size of perovskite crystals is 

remarkable higher than that of the sample with a post-treatment at 100 C even after 40 

min (as shown in Figure 2c) and previously reported values15,34, indicating that the grains 

size of perovskite do not enlarge and form the new nuclei during 100 C post-treatment. 

In contrast, the concentration of existed white plates of Pb(I1-xBrx)2 perovskite sample at 

100 C annealing is almost same as those of the 150 C sample, indicating that the white 

plates of Pb(I1-xBrx)2 are not coming from the perovskite degradation process. The grain 

boundaries and lattice distortion can be reduced by increasing the grain size. Hence, it is 

necessary to balance the growth’ rate and nucleation processes of perovskite crystals. 

 

  An extremely low concentration (2 mg/mL) of spiro-OMeTAD solution is used to 

enhance quality and passivate the perovskite layer, as shown in Figure 3a. The thin film 

of spiro-OMeTAD can protect the underneath of perovskite from dissolving by IPA, as 

shown in Figures 3b and c. The white plates of Pb(I1-xBrx)2 changes position from some 

grain boundaries after dropping the IPA, but the Pb(I1-xBrx)2 particles still remain on the 

initial position with an inserting layer of thin film spiro-OMeTAD, which indicates a 

protection of the as-prepared perovskite film from IPA. 

 

  After inserting thin film of spiro-OMeTAD, the second perovskite layer has been 

fabricated using a halide IPA solution. Figure 4 shows the surface morphologies of 

perovskite light harvester layers after second growth, including FABr, FAI and MACl 

solution, respectively. According to the SEM images of Figures 4a-c, the amount of 

excessive Pb(I1-xBrx)2 remarkably decreases and almost disappears after the splashing of 

 

Figure 4. (a-c) Surface morphology characterization of the Cs0.05(MA0.17FA0.83)0.95Pb 

(I0.83Br0.17)3-perovskite after SSGP using FABr-, FAI- and MACl-IPA solution, 

respectively. The scale bar is 1 µm. 
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the halide (MACl-, FABr- and FAI-) IPA solution. But the average grain size of perovskite 

crystals is still large and the largest one is larger than 1 µm, indicating that the SSGP 

process does not affect the grain size of perovskite and can sustain low carrier 

recombination centers of grain boundaries. 

 

Surface roughness characterization of perovskite light harvester layer 

The surface roughness of perovskite light harvester layers will seriously affect the 

average transport length of carrier and carrier recombination process. Therefore, the 

surface roughness of perovskite layers has been characterized under various conditions, 

including as-prepared, spiro-OMeTAD passivation, SSGP using FABr, FAI and MACl, 

respectively, as shown in Figure 5. According to the AFM measurement of Figures 5a 

 

Figure 5. (a-e) Surface roughness characterization of the Cs0.05(MA0.17FA0.83)0.95Pb 

(I0.83Br0.17)3-perovskite before and after spiro-OMeTAD treatment and SSGP using 

MACl-, FABr- and FAI-IPA solution, respectively. The scale bar is 1 µm. (f) 
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and b, the surface images are almost same before and after sipro-OMeTAD treatments, 

indicating that the thin film of spiro-OMeTAD has not obviously impact on the surface 

roughness of perovskite light harvester layer. Moreover, the surface roughness values 

decrease as the SSGP application, and FABr based sample reaches to the minimum value 

of about 42 nm, as shown in Figure 5f. The reduction of surface roughness of perovskite 

light harvester layers should come from the excessive PbI2 eliminating. 

 

Crystal structure characterization of perovskite light harvester layer  

  Figure 6 shows the crystals’ variation without and with SSGP perovskites using FABr, 

FAI, and MACl, which are defined as FABr-, FAI-, and MACl-SSGP, respectively. The 

asterisks symbol represents Pb(I1-xBrx)2 crystals in the X-ray diffraction peaks, and other 

peaks mean the diffraction signal of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 perovskite.  

The diffraction intensity of XRD peaks remarkable reduces on FAI-SSGP, and almost 

vanishes on FABr- and MACl-SSGP perovskites, as shown in Figure 6a. The composition 

of Pb(I1-xBrx)2 is calculated as Pb(I0.8Br0.2)2 by the Vegard’s law through the diffraction 

angle position of typical diffraction peaks of PbI2 (12.7°) and PbBr2 (14.4°)13,35, 

respectively. The normalized relative intensity of Pb(I0.8Br0.2)2 and full-width of half 

maximum (FWHM) for the as-prepared and SSGP perovskites are summarized in Figure 

6b. The average particle size of Pb(I0.8Br0.2)2 is 180 nm and well agreement with the SEM 

observation, which is calculated using Scherrer’s formula according to the FWHM values. 

The XRD peaks have been expanded to confirm the crystal structure variation after SSGP 

and shown in Figure 6c. The main diffraction peaks of 

 

Figure 6. Crystal characterization of the Cs0.05(MA0.17FA0.83)0.95Pb (I0.83Br0.17)3-

perovskite after SSGP. (a) XRD pattern for as-prepared and SGGP perovskites using 

FABr, FAI and MACl. (b) Normalized XRD intensity of Pb(I0.8Br0.2)2 at 13.0 for the 

as-prepared and SSGP perovskite films, before and after 10 d of aging. The FWHM of 

the diffraction peak at 14.49 is also shown. (c) Expanded main XRD peaks of 

perovskite before and after SSGP. 
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Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3‒perovskite appears at 14.49, however, the main 

diffraction peak position causes some higher angle shifts after using SSGP by FABr, FAI 

and MACl, indicating that perovskite crystals structure changes because of composition 

variation after SSGP, such as Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3-MAPb(IxBryClz)3 of 

MACl-SSGP perovskite. These results strongly indicate that the various composition of 

perovskite has been formed on as-prepared perovskite surface using SSGP. 

 

Optical properties evaluations of perovskite light harvester layer 

  The optical spectroscopy and microscopy have been employed to evaluate the optical 

properties of the as-prepared and SSGP perovskite layers. Figure 7a shows the absorption 

and photoluminescence (PL) spectra of the as-prepared, spiro-OMeTADA passivated and 

 

Figure 7. Optical properties of perovskites without and with treatment. (a) Optical 

absorption and PL spectra of the as-prepared and MACl-SSGP perovskites. The 

concentration of spiro-OMeTAD treatment is 2 mg/mL. (b) PL spectra of perovskites 

before and after SSGP. (c) Integrated PL mapping intensity and FWHM of the 

perovskites before and after SSGP. (d) TRPL decay profiles of the perovskites without 

and with SSGP. 
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MACl-SSGP perovskites. The absorption shoulder position and PL peak of perovskites 

causes some blue-shifts after SSGP, and PL intensities become much higher when spiro-

OMeTAD inserts between the as-prepared and second layer of perovskites, indicating that 

the spiro-OMeTAD can also improve perovskite surface quality and realize the function 

of passivation. Figure 7b exhibits the absorption and PL spectra of perovskites layer 

fabricated by FABr- and FAI-SSGP. Interesting, the absorption and PL also happen some 

blue-shifts on FABr-SSGP except for the FAI-SSGP, indicating that the bandgap (Eg) of 

FABr-and MACl-SSGP perovskites become larger after second-growth except for FAI-

SSGP3,15,20. Therefore, the Eg of the as-prepared, FABr-, FAI- and MACl-perovskites has 

been calculated according to the absorption spectral tails as following: 1.60, 1.62, 1.60 

and 1.61 eV, respectively. The PL intensity and FWHM of PL spectra have been 

summarized in Figure 7c. It is obviously founded that the PL intensity reaches maximum 

and the FWHM reduces to minimum at MACl-SSGP, indicating that the quality of 

perovskite layer becomes best at MACl-SSGP. The enhancement of PL intensity should 

come from the excessive PbI2 elimination after SSGP, in which large Eg of PbI2 hinder 

photon absorption21.  

 

  Figure 7d shows the time-resolved PL (TRPL) of the as-prepared and SSGP perovskite 

light harvester layers using FABr, FAI and MACl. The TRPL decay of SSGP perovskites 

becomes much longer compared with that of the as-prepared perovskite, indicating that 

the optical lifetime of perovskites become significant longer after SSGP. The TRPL decay 

of perovskites consists with two components of fast and slow, coming from surface 

recombination and bulk radiative recombination of electron-hole pairs36, respectively. 

The lifetime parameters of perovskites have been calculated using double exponential 

formula and summarized in Table1. The amplitude ratio and decay time of the fast-

component remarkably reduces and increases, respectively, meaning that the surface 

Table 1. Summary of TRPL decay of the as-prepared perovskite, and SSGP-

perovskites using FABr-, FAI- and MACl-IPA solution. Parameters a, 1, 2, PL are 

amplitude ratio, decay constants of fast and slow components and the averaged PL 

decays. 

 

Concentration a 1 (ns) 2 (ns) PL (ns)

Pero 0.62± 0.02 38.7± 2.4 312.0± 9.3 143.4± 5.1

FABr 0.35± 0.00 48.3 ± 2.4 392.0± 2.0 271.7± 1.8

FAI 0.38± 0.00 47.7± 1.5 389.0± 2.7 259.3± 2.5

MACl 0.33± 0.01 54.4 ± 1.7 409.2± 2.5 290.7± 2.4
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recombination loss has been substantially decreased due to the promotion of perovskites’ 

surface quality. Moreover, the slow-component lifetime significantly increases from ca. 

310 to ca. 410 ns of the as-prepared and MACl-SSGP perovskites, and the amplitude of 

slow-component enlarges at same time. The longer lifetime of the fast- and slow-

component indicates that the SSGP not only reduces the trap states of perovskite’s surface 

on the as-prepared perovskite, but also promote the quality of bulk part in the perovskite. 

The improvement of optical properties of SSGP-perovskite suggests the promotion of 

charge-carrier diffusion length10 and superior PV performance of SSGP-PSCs22,33,37.  

 

  Figure 8 shows the integrated PL intensity mapping of the as-prepared and SSGP 

perovskites using FABr, FAI and MACl. The PL mapping of the as-prepared perovskite 

exhibits a spatially homogeneous intensity distribution compared with that of SSGP 

perovskites with a relative larger fluctuation, as shown Figures 8a-d. However, the 

average PL intensities of SSGP perovskites are remarkable enhanced compared with those 

of the as-prepared perovskite, which are well agreement with those in PL spectra in Figure 

7.  

 

Figure 8. Optical properties of perovskites before and after treatment. (a-e) Integrated 

PL mapping of the as-prepared perovskite and SSGP perovskites using FABr-, FAI- and 

MACl-IPA solution. The scale bar is 1 µm. 
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The average PL intensities of MACl-SSGP perovskite reaches to maximum, therefore, 

this has been selected for more details analysis. A large amount of PL spectra (5476) have 

been collected to calculate the distribution of PL intensity as a function of the peak 

wavelength of the as-prepared and MACl-SSGP perovskites, as shown in Figure 9a-e. 

The PL intensity of MACl-SSGP perovskite shows a broad distribution compared with 

that of the as-prepared perovskite, and its distributed component consists of two parts, as 

 

Figure 9. Optical properties of perovskites before and after SSGP treatment. (a, b) and 

(c, d) Intensity and wavelength position of the integrated PL mapping calculation of the 

as-prepared perovskite and SSGP perovskite using MACl-IPA solution, respectively. (e) 

Distribution of PL intensity as a functions of wavelength in the as-prepared and SSGP-

MACl perovskite. (f) Distributions of full width at half maximum (FWHM) of PL 

spectra in as-prepared and SSGP perovskites using FABr, FAI and MACl, respectively. 
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marked using solid and dotted circles, where the distribution of the lower PL intensity 

component is similar to that of the as-prepared perovskite. The lower PL intensity of the 

as-prepared perovskite comes from the excessive Pb(I0.8Br0.2)2 with a large Eg of 2.3 eV21, 

resulting in the reduction of photon absorption of perovskite light harvester layer and a 

higher non-radiative recombination loss. The improvement of the PL average intensity of 

MACl-SSGP perovskite results from the increment of PL intensity component attributing 

to the decrease of Pb(I0.8Br0.2)2 using SSGP, which is characterized using the experimental 

results of SEM and XRD in the Figures 2 and 6. The FABr- and FAI-SSGP perovskites 

achieve similar results on PL mapping and PL wavelength distribution is summarized in 

Figure 9f. The SSGP perovskite light harvester layers show a relative broader spectra 

position distribution compared with that of the as-prepared perovskite due to the reduction 

of the concentration of Pb(I0.8Br0.2)2.  

 

Energy band alignment analysis of perovskite light harvester layer 

  The photoelectron yield spectroscopy has been applied to analyze the top of valance 

band (VB) of perovskite light harvester layers, including as-prepared and SSGP-

perovskites (FABr, FAI and MACl). Figure 10a shows the photoelectron spectroscopy 

profile of the perovskite light harvester layers, the signals shift to the higher side in the 

order of of -5.46, -5.42, -5.41 and -5.39 eV of the as-prepared, FABr-, FAI- and MACl-

SSGP perovskites, respectively. Figure 10b shows the energy of the VB top of the as-

prepared, FABr-, FAI- and MACl-SSGP perovskites, respectively, compared with the 

 

Figure 10. Energy alignment of the as-prepared perovskite and SSGP perovskite using 

FABr-, FAI- and MACl-IPA solution. (a) Photoelectron spectra of as-prepared and 

SSGP perovskite, as the photoelectron intensity is plotted by its third-root. The solid 

lines correspond to the guides for the energy positions of top of valence band. (b) 

Energy calculation of as-prepared perovskite and SSGP perovskite using FABr-, FAI- 

and MACl-IPA. (c) Band alignment of the PSCs of the as-prepared perovskite and 

SSGP perovskite using FABr-, FAI- and MACl-IPA, respectively.   

4.0 4.4 4.8 5.2 5.6 6.0
0

3

6

9

12

15

 Pero

P
h

o
to

e
le

c
tr

o
n

 y
ie

ld
1
/3

 (
a

. 
u

.)

Energy (eV)

  FABr
 FAI   MACl

P
e

ro

E
n

e
rg

y
 l
e

v
e

ls
 (

 e
V

)

-3.0

-4.5

-5.0

-5.5

-6.0

-4.0

-3.5

F
A

I

M
A

C
l

s
p

iro
-O

M
e

T
A

D

F
A

B
rS

n
O

2

-5.46

-4.36

-5.39

-3.78

-5.22

e-

h+

-5.42 -5.41

-3.81-3.80-3.86

(a) (c)

-5.38

-5.40

-5.42

-5.44

-5.46

-5.48

H
O

M
O

 (
e

V
)

Pero FABr FAI MACl

HOMO

(b)



103 

 

vacuum level. The energy alignment has been calculated by combination with the Eg, 

bottom of conduction band (CB) and top of VB of the as-prepared, FABr-, FAI- and 

MACl-SSGP perovskites, respectively, as shown in Figure 10c. Interesting, the VB top 

and CB bottom of SSGP perovskites (in the order of FABr-, FAI- and MACl-SSGP 

perovskites) become relative shallower and shift to higher energy side compared with 

those of the as-prepared perovskite. The shallow VB will be optimized regarding the 

energy alignment between the perovskite and HTL, and accelerate the carrier transport. 

Moreover, the shallowed CB bottom of SSGP perovskites indicate that the efficiency of 

electron blocking function of perovskite layer will be enhanced, enrich the hole transfer 

in the interfaces between perovskite and HTL, and reduce the recombination possibilities 

of electron-hole. The carrier recombination possibilities of PSCs has been confirmed 

using impedance spectroscopy, which will be discussed later. 

 

 

Figure 11. Photovoltaic performance of standard and MACl-SSGP PSCs. (a) J‒V 

curves, (b) SPO under MPP extracted from forward scanning condition, (c) EQE and 

integrated current-density of standard and MACl-SSGP PSCs, and (d) Best J‒V curves 

performance of MACl-SSGP PSCs. 
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4.4.2 J‒V characterization of perovskite solar cells 

Photovoltaic performance on the small active area of 0.1 cm2 

  The PSCs has been fabricated with referring above systematic analysis and achieved a 

high PV performance. Figure 11 shows the PV performance of PSCs using the as-

prepared perovskite (standard-PSCs) and SSGP PSCs using MACl treated perovskite 

(MACl-SSGP PSCs). The current density‒voltage (J‒V) curves of PSCs are recorded with 

two scanning directions with a scanning rate of 50 mV/s as following: the forward 

scanning from JSC to VOC, and the reverse scanning from VOC to JSC.  

Table 2. Summary of photovoltaic parameters of the standard and MACl-SSGP PSCs, 

as shown in Figure 11a. 

 

Sample Scan direction JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard PSCs Forward 21.3 1.14 75.4 18.3

Reverse 21.2 1.15 75.3 18.4

Second growth

PSCs

Forward 23.1 1.12 82.0 21.2

Reverse 23.1 1.12 83.4 21.5

Table 3. Summary of the superior PV performances for heterojunction PSCs with a 

similar FF value in recent studies. The normal planar heterojunction PSCs based on 

the SSGP in our study exhibit an optimized interface with the highest FF—even higher 

than some inverted architectures—along with a high power conversion efficiency. “I” 

represents the inverted architecture (p-i-n), and “N” represents the normal architecture 

(n-i-p).  

 

JSC (mA/cm2) VOC (V) FF (%) PCE (%) Reference

23.1 1.12 83.4 21.5 This work

23.7 1.14 78.0 21.6 [37] (N)

20.6 0.99 84.0 17.1 [31] (I)

20.6 1.03 85.0 18.0 [39] (I)

18.1 0.86 86.7 13.5 [30] (I)

20.6 1.08 81.9 18.1 [40] (I)

20.5 0.97 84.0 16.8 [41] (I)

22.5 1.21 79.0 21.5 [5] (I)

20.2 0.97 82.0 16.0 [42] (I)

25.0 1.11 81.7 22.6 [2] (N)

23.7 1.13 80.6 21.5 [3] (N)

23.5 1.03 83.0 20.1 [43] (I)
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The PV performance of PSCs has been remarkable promoted after using SSGP with a 

negligible hysteresis, as shown in Figure 11a and Table 2. The all parameters of the 

standard and SSGP PSCs are summarized and shown in Table 2, including forward and 

reverse scanning. The JSC and FF of PSCs significantly promote from 21.2 to 23.1 

mA/cm2 and from 75.3 to 83.4%, respectively, after applying the SSGP technique under 

reverse scanning condition. The achieved FF value in the SSGP-PSCs is the highest result 

in the normal architecture with a high VOC
38,39 and comparable with those in some inverted 

structure devices40–44 according to the summary of Table 3, which is very close to the 

Shockley-Queisser limit (∼90%) at room temperature2,3,45. The PCE also substantially 

increases from 18.4 to the 21.5% from standard- to MACl-SSGP PSCs. The relative 

unsatisfied PV performance of standard-PSCs should attribute to the excessive PbI2 with 

high bandgap of 2.3 eV21,28,35,46,47, because the as-prepared perovskite contains large 

concentration of Pb(I0.8Br0.2)2, which will decrease the light absorption and cause serious 

carrier recombination loss at Pb(I0.8Br0.2)2.  

Table 4. Summary of the PV performances for planar heterojunction SSGP-PSCs with 

various MACl-IPA solution concentrations. Five samples were tested. 

 

 

Table 5. Summary of the PV performances for planar heterojunction SSGP-PSCs 

fabricated at various annealing temperature. Five MACl SSGP PSCs samples were 

tested. 

 

Concentration

(mg/mL)

Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

3

Forward 23.1±0.1 1.14±0.01 76.3±0.0 20.0±0.2

Reverse 23.1±0.1 1.14±0.00 77.5±0.0 20.4±0.2

5

Forward 23.1±0.0 1.14±0.01 78.1±0.0 20.6±0.2

Reverse 23.2±0.1 1.14±0.01 79.8±0.0 20.9±0.2

8

Forward 22.8±0.2 1.15±0.01 75.9±0.0 19.9±0.3

Reverse 22.9±0.1 1.15±0.01 77.5±0.0 20.0±0.4

Annealing 

time (min)

Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

10

Forward 22.9±0.1 1.13±0.01 77.6±0.0 20.1±0.3

Reverse 23.0±0.1 1.12±0.01 78.5±0.0 20.2±0.3

15

Forward 23.1±0.0 1.14±0.01 78.1±0.0 20.6±0.2

Reverse 23.2±0.1 1.14±0.01 79.8±0.0 20.9±0.2

20

Forward 22.9±0.1 1.14±0.01 76.3±0.0 19.8±0.2

Reverse 22.9±0.1 1.14±0.01 77.8±0.0 20.4±0.3
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The stabilized power output (SPO) is characterized using a bias voltage extracting from 

the J–V curves under the maximum-power-point (MPP), as shown in Figure 11b. The 

SPO significantly enhances from 18.2% of the standard-PSCs to 21.3% of the MACl-

SSGP PSCs and exhibits a better stability. 

 

The incident-photon-to-current-efficiency spectroscopy (IPCE) has been applied to 

record the external quantum efficiency (EQE) of the standard and MACl-SSGP PSCs. 

Figure 11c shows the EQE spectra of standard and MACl-SSGP PSCs. The EQE of 

MACl-SSGP PSCs achieves a high average value of 88.4% at a range from 400 to 730 

nm and a 22.8 mA/cm2 of integrated current-density, which is remarkable higher than that 

of 84.9% of EQE values of the standard PSCs with an integrated current density of 21.0 

mA/cm2. The MACl-SSGP PSCs obtain a higher value of EQE at ca. 400 nm compared 

with that of the standard PSCs because of the elimination of Pb(I0.8Br0.2)2, and the signal 

decrease at a relative shorter wavelength at ca. 800 nm because of the Eg increment of 

perovskite layer after SSGP20.   

  

The highest PV performance of the MACl-SSGP PSCs has been shown in the Figure 

 

Figure 12. Reproducibility property of the standard and MACl-SSGP PSCs. (a-d) 

Statistical calculation of the standard and MACl-SSGP PSCs, including JSC, VOC, FF 

and PCE. (Black: 20 standard PSCs; red: 35 MACl-SSGP PSCs). 
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11d. The MACl-SSGP PSCs achieves a high PCE of 21.3 (21.6)% with a VOC of 1.14 

(1.15) V, a Jsc of 23.3 (23.3) mA/cm2, and a FF of 80.0 (81.2)% measured at forward 

(reverse) voltage scanning with a negligible hysteresis. The PCE of MACl-SSGP PSCs is 

substantially higher than those of inverted structures devices with a high FF (>80.0%) 

and comparable to those of normal structure photovoltaics with a high FF according to 

the summarization of Table 3. 

 

A large amount of the standard and MACl-SSGP PSCs (20 and 36 devices, respectively) 

have been fabricated to evaluate the repeatability of PV performance, as shown in Figure 

12. The MACl-SSGP PSCs achieves a substantially higher PCE compared with that of 

the standard PSCs with a narrower distribution according to Figure 12a. All parameters 

Table 6. Summary of the PV performances for planar heterojunction PSCs treated 

with various concentrations of spiro-OMeTAD chlorobenzene. 5 samples were tested. 

 

 

Table 7. Summary of the PV performances for planar heterojunction SSGP-PSCs 

prepared with various SSGP solution of FABr-, FAI-, MACl- and FACl-IPA. The 

standard PSCs contain 20 samples, FABr-, FAI- and FACl-SSGP PSCs contain 10 

samples, and the MACl-SSGP PSCs comprise 36 samples.  

 

Concentration

(mg/mL)

Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

0

Forward 23.1±0.0 1.14±0.01 78.1±0.0 20.6±0.2

Reverse 23.2±0.1 1.14±0.01 79.8±0.0 20.9±0.2

2

Forward 23.1±0.1 1.14±0.01 79.4±0.0 21.0±0.2

Reverse 23.2±0.1 1.14±0.02 80.3±0.0 21.3±0.1

5

Forward 22.9±0.1 1.15±0.01 75.5±0.0 19.8±0.3

Reverse 22.9±0.1 1.15±0.01 78.4±0.0 20.7±0.3

Sample name Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard

PSCs

Forward 20.9±0.2 1.16±0.01 72.3±0.0 17.4±0.3

Reverse 21.0±0.2 1.16±0.01 73.4±0.0 18.0±0.2

FABr-PSCs Forward 23.1±0.1 1.16±0.00 75.4±0.0 20.2±0.3

Reverse 23.1±0.1 1.16±0.01 76.7±0.0 20.5±0.3

FAI-PSCs Forward 23.1±0.2 1.12±0.02 77.0±0.0 19.9 ±0.4

Reverse 23.2±0.2 1.12±0.02 77.8±0.0 20.1±0.4

MACl-PSCs Forward 23.1±0.1 1.14±0.02 79.2±0.0 20.9±0.4

Reverse 23.1±0.1 1.14±0.02 80.1±0.0 21.2±0.3
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of MACl-SSGP PSCs are higher than those of the standard PSCs except for the VOC, as 

shown in Figure 12c. 

 

  In order to explore the optimized condition for the MACl-SSGP PSCs, the various 

conditions have been studied during the SSGP fabrication, including the various 

concentrations of MACl in IPA solution of Table 4, diverse post-treated time after 

dropping the MACl-IPA solution of Table 5 and various concentrations of spiro-

OMeTAD surface treatment of Table 6. The MACl-SSGP PSCs achieves a highest PV 

performance at condition of 5 mg/mL of MACl-IPA solution, 15 min of the post-treatment 

and 2 mg/mL of spiro-OMeTAD. 

 

  The optimized condition of MACl-SSGP PSCs fabrication parameters have been 

 

Figure 13. PV performance of the FABr- and FAI-SSGP PSCs. (a, d) J‒V curves, (b, 

e) SPO under MPP extracted from forward scanning condition, (c, f) EQE and 

integrated current-density of the FABr- and FAI-SSGP PSCs, respectively. 
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introduced into the FABr- and FAI-SSGP PSCs preparation, as shown in Figure 13. The 

FABr- and FAI-SSGP PSCs achieves a high PV performance, including a high PCE of 

20.9 (21.0)% with a VOC of 1.17 (1.16) V, a Jsc of 23.2 (23.2) mA/cm2, and a FF of 77.1 

(77.6)% for FABr based devices; and a high PCE of 20.4 (20.3)% with a VOC of 1.14 (1.14) 

V, a Jsc of 23.0 (23.0) mA/cm2, and a FF of 77.7 (77.6)% for FAI based device. However, 

these values are relative lower compared with those of the PV performance of MACl-

SSGP PSCs, which are well consistent with analyzed results of surface morphologies, 

optical properties, and energy alignment. The repeatability of FABr- and FAI-SSGP PSCs 

are summarized in the Table 7. Notably, FABr-SSGP PSCs obtains a higher VOC of 1.17 

V compared with that of the FAI-SSGP PSCs (1.14 V) according to the Figure 13. 

 

  The “passivation layer” of spiro-OMeTAD affects the PV performance, which has been 

shown in Figure 14. The spiro-OMeTAD passivated PSCs have achieved a high PCE of 

19.1 (19.3)% with a VOC of 1.16 (1.16) V, a Jsc of 21.9 (21.7) mA/cm2, and a FF of 75.6 

(75.9)% with a very small hysteresis, as shown in Figure 14a. A high SPO of 18.6% has 

been obtained with a relative stable value according to Figure 14b. 

 

  The FF promotion is usually accompanied by the VOC decrease according to previously 

literatures’ observations31,39,48–50, however, a high PV performance of SSGP PSCs has 

obtained without sacrificing the VOC and increasing the FF in my study. Interesting that 

the thickness of spiro-OMeTAD passivated layer also seriously affects the PV 

performance of PSCs, because the performance and the hysteresis of SSGP PSCs become 

obviously worse and larger after the concentration of spiro-OMeTAD exceeding over 2 

mg/mL. 

 

Figure 14. PV performance of PSCs after spiro-OMeTAD treatment with 

concentration of 2 mg/mL. (a) J‒V curves, (b) Time evolution of SPO under MPP 

extracted from forward scanning condition of PSCs. 
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Carrier recombination loss property of perovskite solar cells 

  Figure 15 shows the impedance spectra of the standard and SSGP PSCs using FABr, 

FAI and MACl. The Nyquist plots consist of two-semicircles, including two regions of 

the high and low frequency. The low frequency region signal is contributed by the 

recombination resistance (Rrec)
51 and capacitance of the simulated equivalent circuit 

model. The larger arcs in the low frequency regions indicates a higher Rrec of SSGP PSCs 

compared with that of the standard PSCs, meaning a lower carrier recombination 

possibility in the order of FABr, FAI, and MACl. The lower carrier recombination loss in 

SSGP PSCs is well agreement with the analysis of higher carrier extraction efficiency 

 

Figure 16. PV performance of the standard and MACl-SSGP PSCs on a large active 

area of 1 cm2. (a) J‒V curves, (b) Time evolution of SPO under MPP extracted from 

forward scanning condition of PSCs. 
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Figure 15. Nyquist plots for the standard and SSGP PSCs using FABr, FAI and MACl 

under illumination at bias voltage of 0.1 V. The right figure shows the equivalent 

circuit diagram of the PSCs. 
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from band alignment in Figure 10. 

 

Photovoltaic performance on the large active area of 1 cm2 

  The active area enlargement of PSCs has already become a one of main study trend 

because of promoting the commercial applications. A large active area of 1.0 cm2 of 

standard and MACl-SSGP PSCs have been fabricated using the optimized condition. 

Figure 16a shows the J‒V curves of the standard and MACl-SSGP PSCs. The MACl-

SSGP PSCs achieves a high PCE of 20.1% with a VOC of 1.19 V, a Jsc of 22.6 mA/cm2, 

and a FF of 74.5% under reverse scanning with a negligible hysteresis; these parameters 

are much higher than those of standard PSCs with a high PCE of 17.4% with a VOC of 

1.18 V, a Jsc of 20.6 mA/cm2, and a FF of 72.0% under reverse scanning. The parameters 

of forward scanning of large active area are summarized in Table 8. The high value of FF 

in MACl-SSGP PSCs can be compared with the record value in the previously literatures 

on the large active area18,52–54. The SPO of 19.3% of MACl-SSGP PSCs is also higher 

than that of standard PSCs (17.7%) under a bias voltage of 0.95 V extracted from the MPP 

of J‒V curves under forward scan, as shown in Figure 18b. The repeatability of large 

Table 9. Summary of the PV performances for planar heterojunction standard and 

MACl-SSGP PSCs with a large active area of 1.0 cm2. For each case, 9 samples were 

tested.  

 

Sample name Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard 

PSCs

Forward 20.8±0.3 1.19±0.01 69.7±0.0 17.3±0.3

Reverse 20.7±0.3 1.18±0.01 68.2±0.0 16.6±0.5

MACl-PSCs Forward 22.8±0.2 1.18±0.01 72.0±0.0 19.2±0.4

Reverse 22.8±0.2 1.18±0.01 73.7±0.0 19.7±0.3

Table 8. Summary of the PV performances for planar heterojunction standard and 

MACl-SSGP PSCs with large active area of 1.0 cm2 under forward and reverse 

scanning. 

 

Concentration

(mg/mL)

Scanning

direction
JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard PSCs
Forward 20.6 1.18 72.9 17.8

Reverse 20.5 1.18 72.0 17.4

Second growth

PSCs

Forward 22.6 1.19 74.0 19.9

Reverse 22.6 1.19 74.5 20.1
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active area PSCs has been fabricated and summarized in the Table 9, indicating a superior 

performance of the MACl-SSGP PSCs even increasing the active area up to 1.0 cm2. 

 

4.4.3 Stability evaluation of perovskite solar cells 

Stability evaluation of PV devices 

  Even though PSCs have obtained an unprecedented progress on PCE, the stability 

development is still far behind and limits the commercial application. Therefore, the 

continuously light soaking and high temperature stabilities of the standard and MACl-

SSGP PSCs have been characterized under the harsh conditions with a high humidity of 

ca. 50% and a high treatment temperature of 80 ℃ without any encapsulations. 

 

  Figure 17 shows the characterized results of the continuously light soaking stability of 

the standard and MACl-SSGP PSCs. The PCE quickly decreases to ca. 80% at short time 

and can sustain about 70.0% of compared with the initial value of MACl-SSGP PSCs 

even after 250 hours continuous light soaking, which is much higher than of the standard 

PSCs with about 40.3%, as shown in Figure 17a. The quickly reduction of PCE of PSCs 

 

Figure 17. Continuous light soaking stability of the standard and MACl-SSGP PSCs. 

(a-d) Summary of PV parameters of the standard and MACl-SSGP PSCs under 

continuous light soaking. The humidity of measurements is also shown. 
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results from the remarkable decrease of JSC, which should attribute to the serious variation 

of interface conditions of components in PSCs. The parameters of VOC and JSC can sustain 

relative high values even finishing the final measurement in both PSCs. The main 

reduction of PCE of PSCs should attribute to the decrease of the FF, however, the MACl-

SSGP PSCs can maintain a value of ca. 88.1% of FF and higher than the standard PSCs 

(ca. 57.3%), as shown in Figure 17d. 

 

Figure 18 shows the evaluated results of the high temperature treatment of the standard 

and MACl-SSGP PSCs. The MACl-SSGP PSCs can maintain a higher thermal stability 

of ca. 75.0% compared with the initial PCE even after 270 hours treatment in the nitrogen 

condition, which is much higher than that of the standard PSCs. The parameters of VOC 

and JSC of MACl-SSGP PSCs can keep much better stability than the standard PSCs 

according to the Figures 18b and c. The main reduction of both devices should attribute 

to the FF deterioration, as shown in Figure 18d, because the interfaces between the 

perovskite and HTL become worse and increase the series resistance of PSCs. This 

 

Figure 18. Thermal stability characterization of the standard and MACl-SSGP PSCs. 

(a-d) Summarization of PV parameters of the standard and MACl-SSGP PSCs under 

80 ℃ in nitrogen condition.  
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hypothesis has been confirmed by using the cross-sectional morphology of PSCs using 

the SEM. Figure 19 shows the cross-sectional morphology variation of the standard and 

MACl-SSGP PSCs after 270 hours thermal treatment. The cross-sectional morphology of 

standard PSCs exhibits a much high density of voids between the perovskite and HTL 

compared with those of the MACl-SSGP PSCs, demonstrating the reason that the MACl-

SSGP PSCs can sustain much better thermal stability. Therefore, the MACl-SSGP PSCs 

can keep a higher stability under continuously light soaking and thermal treatment 

compared with the standard PSCs because of the promotion of the quality of perovskite 

light harvester layer, and interfaces between perovskite and HTL using SSGP. 

 

Stability evaluation of perovskite light harvester layer 

  The enhancement of stability should come from the improvement of perovskite light 

harvester layer, especially the thermal stability, because the organic nature of spiro-

OMeTAD cannot sustain such high temperature of 80 ℃. The XRD and PL spectroscopy 

have been applied to monitor the degradation of the as-prepared and SSGP-perovskite 

light harvester layers after 10 days storage at room condition.  

 

  Figure 20 shows the XRD characterization of the as-prepared and SSGP-perovskite 

light harvester layers after 10 days aging. The diffraction signal of Pb(I0.8Br0.2)2 of XRD 

patterns become obvious and the intensity increases, as show in Figure 20a, where the 

humidity values of each days have been recorded and shown in Table 10. The increase 

scale of the Pb(I0.8Br0.2)2 diffraction intensity of SSGP perovskites is smaller than that of 

the as-prepared perovskite in Figure 20b, indicating that the anti-humidity ability of 

 

Figure 19. Cross-sectional morphology characterization of the standard and MACl-

SSGP PSCs after thermal stability measurement after 270 h. (a, b) Cross-sectional 

SEM images of the standard and MACl-SSGP PSCs. The scale bar is 500 nm. 
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perovskite light harvester layer has been enhanced after using SSGP.  

 

Figure 20. XRD patterns of the as-prepared perovskite and FABr-, FAI-, and MACl-

SSGP perovskite films after 10 days of aging with a high humidity at room 

temperature (ca. 25 C). 

 

Table 10. Humidity-recorded values of the as-prepared perovskite and FABr-, FAI-, 

and MACl-SSGP perovskite films for 10 days at room temperature (ca. 25 C). 

 

 

Figure 21. (a–d) Integrated PL intensity mapping of the as-prepared and FABr, FAI 

and MACl-SSGP perovskite films, respectively, after 10 days aging. (e, f) PL spectra 

and FWHM of the as-prepared and SSGP perovskite films after 10 days aging. 
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  Figure 21 shows the PL spectra of the as-prepared and SSGP-perovskite light harvester 

layers after 10 days aging. The PL mapping and spectral intensity become lower after 10 

days aging, however, the reduction scale of intensity of the SSGP-perovskites is much 

smaller than that in the as-prepared perovskite, as shown in Figures 21a-e. The FWHM 

of the PL spectra are summarized in Figure 21f, indicating that the FWHM become larger 

after 10 days aging, but the increment scale of as-prepared perovskite is much higher than 

that in the SSGP-perovskites. Therefore, the quality of perovskite light harvester layers 

has been dramatically promoted using SSGP compared with that of the as-prepared 

perovskite, which has been confirmed by evolutions of PV performance described above. 

 

4.5 Chapter summary 

  A superior PV performance of PSCs has been achieved using the technique of excessive 

PbI2 and the SSGP. The crystallinity and crystal grain size of perovskite light harvester 

layer have been promoted using excessive PbI2 during the fabrication of first layer. The 

quality of perovskite layers is further improving using the SSGP by reacting the excessive 

Pb(I0.8Br0.2)2. The SSGP could sustain the large crystal size of perovskite layer, 

accompanying by the surface trap states elimination. Therefore, the MACl-SSGP PSCs 

achieves a high PV performance with a highest FF of 83.4% of planar normal architecture 

devices without sacrificing the JSC and VOC. The MACl-SSGP PSCs also obtains a highest 

PCE of 21.6% with a negligible hysteresis under reverse scanning in this study. The 

MACl-SSGP PSCs can sustain an excellent continuous light soaking stability of ca. 70% 

of initial PCE value even after 250 hours working and a thermal stability of ca. 75% of 

initial PCE value even after 270 hours treatment at 80 ℃ in nitrogen condition. A high 

PCE of 20.1% of MACl-SSGP PSCs has obtained at a large active area of 1.0 cm2, which 

is much higher than that of 17.8% in the standard PSCs. The SSGP technique not only 

enhances the crystallinity of perovskite, but also remarkably improves the carrier 

extraction from perovskite to HTL, and decreases the carrier recombination loss at the 

interface between the perovskite and HTL, resulting a high PV performance and stability 

of PSCs. The proposed SSGP technique could be paid as a milestone of fabrication of 

PSCs toward commercial applications. 
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Chapter 5. Recycled utilization of nanoporous Au film in perovskite solar cells 

 

5.1 Abstract 

 

  Hybrid organic/inorganic metal perovskite is a kind of the most promising 

optoelectronic material for next generation photovoltaic devices, because of the 

unprecedented development of the efficiency on photovoltaics, low fabrication cost and 

temperature. However, the complicated and rigorous thermal deposition of metal 

electrode film is a still challenge issue for industrial application, and single time 

utilization of the metal contact electrode seriously causes issue of resource waste and 

environmental pollution during the PSCs preparation. Here, the nanoporous Au film is 

directly transferred and applied in PSCs as the electrode to replace the evaporated Au film 

by simplifying the deposition process, which the PSCs obtain a high conversion efficiency 

(PCE) of 19.0% under reverse scanning with a negligible hysteresis, and realize more 

than 12 times recycling using of nanoporous Au film in PSCs devices. The decrease of 

the active area of nanoporous Au film and residual element in nanoporous Au deteriorates 

the conductivity and photovoltaic performance of PSCs. The nanoporous Au film can also 

be introduced into flexible PSCs and achieve a high PCE of 17.3% with a negligible 

hysteresis. Moreover, this flexible PSCs can maintain an excellent bending mechanical 

resistance of ca. 98.5% compared with the initial value and much better than that of the 

evaporated Au flexible PSCs (ca. 91.0%) even after 1000 bending cycles at bending 

radius of 5 mm. The non-penetrating cracks and nano pores structure of nanoporous Au 

film provide a much better bending durability of flexible PSCs. 

 

 

Keywords: perovskite solar cells, photovoltaic performance, nanoporous Au film, 

recycled utilization, bending durability 
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5.2 Introduction 

  Hybrid organic/inorganic metal perovskites have attracted numerous attention and 

treated as the most promising materials of optoelectronic devices due to the 

unprecedented development on power conversion efficiency (PCE) from 3.8 to 24.2% 

within few years1–6. The rapid progress the PCE of perovskite solar cells (PSCs) come 

from the superior properties of perovskite light harvester layers, such as high light 

absorption coefficient in visible range7, long distance diffusion of carrier8, low exciton 

binding energy8, high carrier mobility (electrons and holes)9, variable bandgap10–12 and 

low temperature fabrication process13. The high efficient PSCs are usually composed of 

glass based electrode/carrier transport layer/perovskite light harvester layer/carrier 

transport layer/contact electrode for n-i-p and p-i-n structures. The metallic materials are 

usually used as the contact electrode, for example, Au14–17, Cu18,19, Ag20–24 and Al25–28, 

which will increase the fabrication cost of PSCs and severely impact the industrial 

applications because of the limited resource of noble metals and rigorous deposition of 

electrode films, including high vacuum and long-term thermal evaporation. The energy 

payback time of PSCs also still every long even though high efficiency has been achieved 

using noble metallic electrode, because of the regrettable stability of perovskite 

photovoltaics29,30. Only single time employment of the metallic electrode usually causes 

severely resource wasting and ecological environment pollution. 

 

  Carbon based materials seem to be a more preferable choice to replace the typical 

metallic electrode in PSCs, because they are inexhaustible resource, low cost, excellent 

conductivity and stability31–33. A various types carbon materials have been employed in 

PSCs as contact electrode with a relatively high PCE by sundry approaches, including 

doctor blade34,35, direct transfer36,37, inked printing32,38–40 and embedment route41. 

However, the photovoltaic (PV) performance of carbon based electrode PSCs still lower 

than the metallic electrode based photovoltaics because of the poor contact interfaces 

between the hole transport layer (HTL) and carbon electrode. Moreover, the mismatch 

energy alignment of HTL and carbon electrode still limit the progress of carbon based 

PSCs compared with that of Au electrode photovoltaics38,42. In order to promote the PCE 

of carbon based electrode PSCs, some of additional treatment has been employed to 

enhance PCE of PSCs, such as p-type semiconductor materials (such as NiOx, CuPc) 43,44, 

AuCl3 doping45, molybdenum trioxide46 and solvent-exchange process37. State-of-the-art 

of carbon based electrode PSCs have been realized using the adhesive macroporous 

carbon, and achieved a high PCE of 19.2% with relative high stability37. The carbon 

materials are also employed as a bottom electrode to replace the indium tin oxide (ITO) 
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in PSCs, especially the flexible photovoltaics45–47. The graphene electrode flexible PSCs 

(fPSCs) have obtained a high PCE of 16.8% on a small active area and sustained a 85% 

of mechanical resistance at a bending radius of 2 mm by inserting a thin film of 

molybdenum trioxide (MoO3) to reduce the series resistance of graphene46. Although the 

PV performance of carbon based electrode PSCs has significantly enhanced, the PCE of 

PSCs is still far behind them of metallic electrode based PSCs. Moreover, all the carbon 

based electrode are used only one time in PSCs after perovskite degradation and 

fabrication process of perovskite-photovoltaics still little complicated for getting high PV 

performance.  

 

  In order to realize the reuse of contact electrode in PSCs, a type of monolithic structure 

of PSCs has been proposed, such as mesoporous nickel and nanoporous Au contact 

electrode48,49 in structure. However, they still cannot refrain from complicated fabrication 

process, for instance, high fabrication temperature48 and vacuum thermal evaporation49. 

Moreover, the PCE of their PSCs are severely far behind the typical evaporated Au based 

PSCs at the same contemporary, and the performance of PSCs become much worse after 

reusing the electrode because of the low quality of perovskite films. The perovskite 

cannot form a flatness film with low trap-states in monolithic template, resulting in 

variations of carrier’s diffusion length and severe recombination loss. Therefore, it is a 

still pursuing and necessary to explore a simple deposition of contact electrode materials 

with potential recycled utilization. 

 

  In this chapter, a new and facile deposition method of electrode has been firstly and 

successfully explored for drying transfer nanoporous Au films as contact electrode in 

PSCs. The high specific surface energy of nanoporous Au films can tightly stack on HTL 

surface of 2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-

OMeTAD) and realize a high PCE of 19.0% with an ignorable hysteresis. The superior 

properties of nanoporous Au films can also obtain tightly contact after recycled utilization 

in PSCs and realize more than 12 times recycled application. The nanoporous Au film 

based fPSCs achieve a high PCE of 17.3% and excellent bending durability of ca. 98.5% 

compared with that of the evaporated Au film flexible perovskite-photovoltaics (ca. 

91.0%) even after 1000 bending cycles at bending radius of 5 mm, which comes from the 

excellent bending mechanical resistance of nanoporous Au film and non-penetrating 

cracks after bending testing. The fundamental properties and PV performance of 

nanoporous Au film and PSCs will be systematically analyzed.  
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5.3 Experimental section 

Materials: All chemicals and solvents were directly used as achieved without further 

refinement. The ITO substrate (10 Ω) was purchased from GEOMATEC Co., Ltd. SnO2 

nanoparticle (15 wt%) in H2O colloidal dispersion with a particle size of 10–15 nm was 

ordered from Alfa Aesar. Lead (II) iodide (PbI2, 99.99%), lead (II) bromide (PbBr2, 99%), 

methylammonium bromide (MABr, >98.0%) formamidinium iodide (FAI, >98.0%), 

cesium iodide (CsI, 99.9%) were purchased from Tokyo Chemical Industry Co., Ltd. 

Poly(methyl methacrylate) (PMMA) (Mw≈15 000, powder), 4-tert-butylpyridine (TBP), 

Co(4-tertbutylpyridyl-2-1H-pyrazole)3·3TFSI (TFSI=bis(trifluoromethanesulfonyl) 

imide) were purchased from Sigma-Aldrich Co., Ltd. The solvents of N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), chlorobenzene, toluene, 

ethanol and isopropanol (IPA) were dried before use. 2,2′,7,7′-Tetrakis(N,N-di-p-

methoxyphenylamino)-9,9′-spirobifluorene (spiro-OMeTAD) was ordered from Merck 

Co., Ltd. Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) salt powder, acetone, 

other solvents were purchased from Wako Chemical Co., Ltd. and used as received 

without no special treatment unless otherwise noted. The membrane films were ordered 

from Merck Millipore Ltd. 

 

ITO substrate preparation: The glass/ITO and PEN/ITO substrate are etched using zinc 

powder and 6 M HCl solution. The etched ITO glass substrates are washed in 

concentration of about 1 wt% aqueous detergent solution, acetone, IPA and distilled water 

under sonication for 10 min in each step, respectively. The cleaned FTO glass substrates 

are dried by an air gun and cut into 2525 mm2 size. The PEN/ITO substrates are washed 

by distilled water after etching and dried by bibulous papers to remove the residual water 

on the surface. The all substrates are stored in a dry box for following experiment. 

 

SnO2 ETM deposition: The SnO2 nanoparticles with concentration of 5 wt% as ETM are 

deposited on the substrate using following program: spin coating at 3000 rpm for 30 s and 

annealed at 150 ℃ for 30 min at room condition. The SnO2 ETM substrates are kept in a 

dry condition after post-treatment. 

 

Nanoporous Au film preparation: The commercial Au35Ag65 (at.%, atomic percentage) 

is chose to fabricate nanoporous Au films using the dealloying approach in HNO3 solution 

with a concentration of 69 wt.% for 6 hours in ambient condition, leaving a thickness of 

less than 100 nm50,51.The residual chemical substances within pore channels are rinsed 

with deionized water for three times. The obtained nanoporous Au films are transferred 
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to the membrane surface, dried in the ambient condition and stored in cleaning box of 

followed transferring process onto perovskite solar cells. 

 

PSCs fabrication: The perovskite precursor solution with excessive PbI2 is prepared by 

mixing the FAI (1 M), PbI2 (1.1 M), MABr (0.2 M), PbBr2 (0.2 M) and a 1.5 M CsI-

DMSO solution in anhydrous DMF:DMSO 4:1 (v:v) solvent. The perovskite precursor is 

dissolving at 40 C until fully dissolving of all chemicals.  

 

The perovskite precursor is deposited as two-step spin coating process for perovskite 

light harvester layer: 1000 and 6000 rpm for 10 and 20 s, respectively. The anti-solvent 

of toluene with 400 μL is quickly splashed on ITO substrate within 2 s at 8 s before 

finishing of coating program. Interesting, the color of substrate quickly changes from 

transparence to light brown after dropping anti-solvent. The sample is directly transferred 

onto hotplate for post-treatment at 150 C and 10 mins to achieve large crystal size and 

compact perovskite film. The as-prepared perovskite is passivated by PMMA using 

optimized concentration of 10 mg/mL after dissolving PMMA in chlorobenzene solvent 

at 50 ℃ for 30 mins. As for the PMMA&spiro-OMeTAD mixed passivation, the spiro-

OMeTAD and PMMA are dissolved in chlorobenzene solvent separately. The spiro-

OMeTAD dissolved at 70 ℃ for 30 min, and PMMA&spiro-OMeTAD solution with 

various concentration ratio (10:(0, 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0) mg/mL) are prepared, 

which is into the PMMA and spiro-OMeTAD solution. The PMMA and PMMA&spiro-

OMeTAD solution is deposited using spin coating program of 4000 rpm for 30 s, and then 

post-treated at 70 ℃ for 30 mins.  

 

The HTL solution is prepared with 0.06 mmol spiro-OMeTAD, 0.009 mmol Co(4-tert-

butylpyridyl-2-1H-pyrazole)3·3TFSI, 0.03 mmol Li-TFSI and 0.1 mmol tBP in 1 mL 

chlorobenzene. The fully dissolved HTL solution is spin coated at 4000 rpm for 30 s and 

post-treated at 70 °C for 30 min. Finally, the ca. 80 nm of Au electrode film is thermal 

deposited on vacuum condition. 

 

Nanoporous Au film transfer: All the transfer process is conducted at ambient condition. 

The nanoporous Au on the membrane film is slowly pasted on the HTL surface and 

dropped 200 µL dried ethanol on back side of membrane film to wet the nanoporous Au 

film and HTL. The dried ethanol is thrown away by spin coating at 5000 rpm for 60 s. 

The membrane film is slowly separated using a plastic tape to prevent the damage of 

nanoporous Au film. Then, PSCs are kept in vacuum condition to enhance the contact 
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between nanoporous Au film and HTL, and remove the remained ethanol. As for the 

recycling of nanoporous Au film, the HTL and perovskite are dissolved by acetone and 

transferred the nanoporous Au film to the fresh membrane film surface. The transferred 

nanoporous Au film is washed by acetone for five times to reduce the chemicals remained. 

Then, the recollected nanoporous Au film was dried at ambient condition and stored at 

dry box. 

 

Characterizations: All evaluations of perovskite photoactive layer and PSCs are 

conducted at ambient condition. The perovskite photoactive layer with about 500 nm 

thickness are used for the photoluminescence (PL) and absorption measurements at an 

excitation wavelength of 532 nm (a power of 110 nW) and by UV/Vis spectrophotometer 

(UV-1800) apparatuses. The time-resolved PL decay is characterized using a single-

photon counting technique with a 520-nm semiconductor laser and an incident power of 

11.4 nW. Energy dispersive X-ray spectroscopy (EDX) measurement is conducted by 

SEM (Hitachi High-Technologies Co., S4800). Atomic force microscopy (AFM) (SII, 

Nanocute) and SEM (JEOL, JEM-6500F) are applied to characterize the surface 

roughness, surface and cross-sectional morphology of perovskite photoactive layer and 

PSCs, respectively. Specific surface area was measured using nitrogen adsorption–

desorption isotherm on Quantachrome Autosorb‐iQ.  

 

The photovoltaic performance of PSCs is evaluated by a solar simulator (San-Ei 

Electric, XES-40S1) under AM 1.5 conditions (100 mW/cm2) with a calibration cells 

(Bunkoukeiki, BS-500BK). The current density‒voltage (J‒V) curves are measured using 

a source meter (Keithley, 2400) and a 0.1 cm2 metal mask at ambient condition. The J‒V 

curves of PSCs are recorded from forward (−0.1 to 1.2 V) and reverse (1.2 to −0.1 V) 

scanning directions without any preconditioning (light soaking or the application of a 

forward bias voltage for a prolonged period before starting the measurement) at a 50 mV/s 

voltage sweep rate. The stabilized power output (SPO) is evaluated under maximum 

power point (MPP) tracking with a bias voltage from the J‒V scanning. The external 

quantum efficiency (EQE) is analyzed at a monochromatic Xe arc light system 

(Bunkoukeiki, SMO-250III) by measuring incident-to-power-conversion efficiency. The 

impedance spectroscopy is conducted at one sun condition with various bias voltages 

using a platform of electrochemical analyzer (ALS/HCH, 660 EAW). 
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5.4 Results and discussion 

5.4.1 Perovskite and Au films characterization 

Perovskite films characterizations  

To realize the main purposes of simplified deposition process and recycled utilization 

of metallic contact electrode in PSCs, the nanoporous Au film has been adopted as 

electrode in this study. Figure 1 shows the transfer flow diagram of nanoporous Au film 

and recycled utilization in PSCs. The photograph of nanoporous Au film on the membrane 

film was directly pasted on the hole transport layer (HTL) surface. Then, the membrane 

film was slowly teared off and separated from nanoporous Au film surface using plastic 

tape to prevent the damages for first time application. The PSCs device was put on the 

glass substrate with fresh membrane film in acetone solvent into the culture dish for 

dissolving perovskite and HTL. The nanoporous Au film was transferred to membrane 

film surface using tweezers. The collected nanoporous Au film was washed about 5 times 

using acetone for the next time utilization. The detailed transfer process of nanoporous 

Au film on HTL surface has been described in Experimental section. The detailed 

configuration of PSCs, ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 

perovskite/poly(methyl methacrylate) (PMMA) &spiro-OMeTAD/doped spiro-

OMeTAD/Au electrode (evaporated Au and nanoporous Au), has also been shown in 

Figure 1. To realize the high PV performance of PSCs using nanoporous Au films as 

electrode, the surface passivation technique should be introduced to enhance the quality 

of perovskite film surface because of the severe recombination loss by excessive PbI2.  

 

 

Figure 1. Illustration the dry transfer and recollection process of nanoporous Au film 

in PSCs device and acetone solvent, respectively. The photograph of nanoporous Au 

is also shown at the beginning of fabrication flow. And, the architecture of PSCs, 

ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/PMMA&spiro-OMeTAD 

treatment/SSGP perovskite/Au (evaporated and nanoporous Au), has also shown. 
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In order to improve the quality of perovskite light harvester layer, the PMMA has been 

employed to passivate the perovskite surface using similar approach as our previous 

chapter4. The PV performance of PMMA passivated PSCs (PMMA-PSCs) has become 

much better compared with that of the standard PSCs without PMMA passivation, as 

shown in Table 1. However, the hysteresis of PMMA-PSCs become a little larger than 

that of standard PSCs, which is a similar phenomenon to our previous results4, because 

the insulating properties of PMMA accumulate the carriers during PV conversion process. 

Therefore, mixing some semiconducting materials to eliminate the carrier accumulation 

at the interface of PMMA seems a preferable way for the hysteresis elimination, such as 

Table 1. Summary of PV performance of PSCs with the standard and various 

concentration of PMMA&spiro-OMeTAD surface passivation. 

 

Concentration ratio Scanning direction JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Standard PSCs
Forward 21.6 1.15 72.5 18.0

Reverse 21.6 1.16 74.1 18.6

10:0.0 PSCs
Forward 21.9 1.16 73.2 18.5

Reverse 22.0 1.16 77.3 19.7

10:0.5 PSCs
Forward 22.3 1.17 72.3 18.8

Reverse 22.3 1.16 75.0 19.4

10:1.0 PSCs
Forward 22.4 1.17 74.5 19.5

Reverse 22.4 1.17 75.9 19.8

10:1.5 PSCs
Forward 22.3 1.16 79.0 20.4

Reverse 22.3 1.16 78.9 20.4

10:2.0 PSCs
Forward 21.5 1.16 72.2 17.9

Reverse 21.5 1.15 74.6 18.6

 

Figure 2. PV performance of the PMMA and PMMA&spiro-OMeTAD passivated 

PSCs. (a) J‒V curves of the PMMA and PMMA&spiro-OMeTAD passivated PSCs, 

(b, c) SPO under MPP extracted from J‒V curves, EQE and integrated current-density 

of the PMMA&spiro-OMeTAD passivated PSCs. 
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spiro-OMeTAD, at reverse scan from open-circuit voltage (VOC) to short-circuit current 

density (JSC)4.  

 

Current density‒voltage (J–V) evaluation of perovskite solar cells after 

passivation 

  Figure 2 shows the current density‒voltage (J–V) curves of the standard and 

PMMA&spiro-OMeTAD passivated PSCs. The standard PSCs mean that the perovskite 

surface is only passivated by PMMA. The PMMA&spiro-OMeTAD passivated PSCs 

exhibits a best PV performance and an ignorable hysteresis when the concentration ratio 

is 10:1.5 mg/mL of PMMA and spiro-OMeTAD according to the Table 1. The 

PMMA&spiro-OMeTAD passivated PSCs achieve a PCE of 20.4 (20.4)% with a VOC of 

1.16 (1.16) V, a Jsc of 22.3 (22.3) mA/cm2, and a fill factor (FF) of 79.0 (78.9)%, 

measured at forward (reverse) scanning. These PV performances of PMMA&spiro-

OMeTAD passivated PSCs are much higher than those of standard PSCs with a PCE of 

18.5 (19.7)%, a VOC of 1.16 (1.16) V, a Jsc of 21.9 (22.0) mA/cm2, and a FF of 73.2 

(77.3)%, measured at forward (reverse) scanning. The PMMA&spiro-OMeTAD 

passivated PSCs also obtains a relative high value of stabilized power output (SPO) of 

20.3% with a bias voltage extracted from under maximum-power-point (MPP) of J–V 

curves, as shown in Figure 2b. External quantum efficiency (EQE) of the PMMA&spiro-

 

Figure 3. Surface and cross-sectional morphology characterization of perovskite 

passivated using PMMA and PMMA&spiro-OMeTAD using SEM. (a, c) and (b, d) 

SEM images of surface and cross-sectional morphologies of perovskite passivated by 

PMMA and PMMA&spiro-OMeTAD, respectively. The scale bars are 1 µm and 500 

nm of surface and cross-sectional SEM images, respectively. 
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(c) (d)
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OMeTAD passivated PSCs is evaluated using incident-photon-to-current-efficiency 

spectroscopy (IPCE), as shown in Figure 2c. The PMMA&spiro-OMeTAD passivated 

PSCs exhibits an average value of 89.3% in the range from 400 to 740 nm of EQE with 

an integrated current-density of 22.1 mA/cm2.  

 

Surface characterization of passivated perovskite surface 

  The PV performance and hysteresis become higher and smaller as the concentration 

increase of spiro-OMeTAD until concentration of 1.5 mg/mL, however, the PV 

performance and hysteresis become worse when the concentration of spiro-OMeTAD 

exceeds than 1.5 mg/mL according to the results of Table 1. The deteriorated PV 

performance of the PMMA&spiro-OMeTAD passivated PSCs should attribute to the 

quality of PMMA&spiro-OMeTAD passivated perovskite surface. Figure 3 shows the 

surface and cross-sectional morphology of perovskite film passivated using PMMA and 

PMMA&spiro-OMeTAD. The perovskite films surface exhibits a similar morphology 

after PMMA and PMMA&spiro-OMeTAD passivation according to Figures 3a and c, 

however, the cross-sectional image of PMMA thickness of PMMA&spiro-OMeTAD 

perovskite film become dim compared with that of the PMMA sample, as shown in 

Figures 3b and d.  

 

The atomic force microscopy (AFM) has been employed to characterize the surface 

roughness of perovskite light harvester layers. Figures 4a and b show the AFM images 

of perovskite passivated using PMMA and PMMA&spiro-OMeTAD with a concentration 

 

Figure 4. Surface roughness characterization of the perovskites passivated using 

PMMA and PMMA&spiro-OMeTAD with 10 and 10:1.5 mg/mL. (a, b) AFM images 

of the perovskites passivated using PMMA and PMMA&spiro-OMeTAD with 10 and 

10:1.5 mg/mL, respectively. The scale bar is 2 µm. (c) Surface roughness values 

function as concentration of spiro-OMeTAD. 
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of 10 and 10:1.5 mg/mL, respectively. The summarized values of surface roughness of 

perovskites have been shown in Figure 4c. The surface roughness values augment as the 

increase of concentration ratio of spiro-OMeTAD, and dramatically increase when the 

concentration exceeds than 1.5 mg/mL. The reduction of surface roughness of perovskite 

film contributes to the enhancement of PV performance of PSCs. Thus, the optimized 

concentration ratio of 10:1.5 mg/mL PMMA and spiro-OMeTAD has been selected for 

nanoporous Au application.  

 

Optical properties characterization of perovskite films 

  The optical spectroscopy has been employed to explore the enhancement mechanism 

of PMMA and PMMA&spiro-OMeTAD passivation, as shown in Figure 5. Figure 5a 

shows the absorption and photoluminescence (PL) spectra of perovskite passivated 

without and with PMMA&spiro-OMeTAD layer. The perovskite films exhibit similar 

absorption spectra and shoulder without and with PMMA&spiro-OMeTAD passivation, 

 

Figure 5. Optical properties of the perovskites without and with PMMA&spiro-

OMeTAD passivation. (a) Absorption and PL spectra, (b) TRPL decay of perovskites 

on glass substrate. The instrumental response function (IRF) is also shown. 

 

Table 2. Summary of the TRPL decay of the perovskite films without and with 

PMMA&spiro-OMeTAD passivation. The parameters a, 1, 2, and PL represent the 

amplitude ratio, the lifetime constants of the fast and slow components, and the 

averaged PL decays, respectively. 
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however, the PL intensity has significantly enhanced after passivation. Figure 5b shows 

the time-resolved PL (TRPL) decay of perovskite films without and with PMMA&spiro-

OMeTAD passivation. The TRPL decay tail becomes much longer with PMMA&spiro-

OMeTAD passivation compared with that of perovskite without passivation. The TRPL 

decay profiles are consist with two components of a fast decay from surface 

recombination and a slow decay from bulk radiative recombination of electron-hole 

pairs52. The TRPL decays has been well reproduced using two-exponential functions and 

the obtained amplitude and lifetime are summarized in Table 2. The amplitude ratio and 

lifetime of the fast component significantly become smaller and longer, respectively, 

which means that the surface recombination loss of perovskite has been dramatically 

reduced because of the improvement of surface quality higher with PMMA&spiro-

OMeTAD passivation. Moreover, the lifetime of slow component slightly augments from 

ca. 160 ns of the standard perovskite to ca. 180 ns of PMMA&spiro-OMeTAD passivated 

perovskite, which is similar to our previous observations4. Therefore, the enhancement of 

PSCs should be owing to the improved quality of perovskite films with PMMA&spiro-

OMeTAD passivation. 

 

 

Figure 6. Surface and cross-sectional morphology characterizations of the evaporated 

and nanoporous Au film and PSCs using SEM, respectively. (a, b) Surface morphology 

of the evaporated and nanoporous Au films. (c, d) Cross-sectional morphology of 

PSCs using evaporated and nanoporous Au films as electrodes. The scale bar is 500 

nm. 
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Surface characterization of Au films 

  The surface morphology of evaporated and nanoprous Au films has been characterized 

using SEM. Figures 6a and b show surface SEM images of evaporated and nanoprous 

Au film. The nanoporous Au film consists of nano-scale pores structure. The pore 

structure of nanoporous Au film seems have a larger specific surface energy than that of 

the evaporated Au film. The contact properties of Au film and HTL have been evaluated 

using cross-sectional SEM images, as shown in Figures 6c and d. The nanoporous Au 

film enables to realize tightly contact on HTL surface without using high vacuum thermal 

evaporation process. The thickness of nanoporous Au film is approximate 95 nm 

comparable with that of the evaporated Au film (ca. 80 nm). 

 

 The composition of nanoporous Au film has been evaluated using energy dispersive X-

ray (EDX) spectroscopy, as shown in Figure 7. Figure 7a shows the EDX spectra and 

element ratio of nanoporous Au film, indicating that the main component of nanoporous 

film is Au and Ag, and the atomic ratio is 3.3:1. The Au is homogeneously distributed on 

 

Figure 7. Energy dispersive X-ray spectroscopy (EDX) spectra and mapping of 

nanoporous Au film. (a) Characterized atomic percentage of the main elements (C, O, 

Fe, Au and Ag) in the nanoporous Au film are summarized in inset table. The atomic 

ratio of Au and Ag is 3.3:1. (b) EDX mapping spectra of Au and Ag elements shows 

the uniform distribution of Au and Ag elements. The main element of film is Au. The 

scale bar is 500 nm. 

Au

Ag

Element wt.% at.%

C 14.81 58.81

O 1.23 3.68

Fe 22.66 19.35

Al 0.97 1.71

Au 51.09 12.37

Ag 9.23 4.08

Total 100.00 100.00

(a) (b)
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the nanoporous Au sample according to the EDX mapping of Figures 7c and d, which 

will severely impact on the conductivity of nanoporous Au film. 

 

  The surface roughness of evaporated and nanoporous Au films have be characterized 

using AFM. Figure 8 shows the AFM images of evaporated and nanoporous Au films. 

The nanoporous Au film has a surface roughness of 18.5 ± 1.0 nm, which is slightly larger 

than that of 8.8 ± 0.9 nm in the evaporated Au film. The low surface roughness of 

nanoporous Au film causes significantly improvement of the interface contact between 

the spiro-OMeTAD and Au electrode film, as shown in cross-sectional SEM images of 

PSCs device.  

 

The conductivity and specific surface area of both films have been characterized and 

summarized in Table 3. The sheet resistances of Au films have been evaluated using four-

point-probe system. The sheet resistance of the nanoporous Au film is 11.3 ± 0.5 Ω, which 

is slightly larger than that of the evaporated Au film (5.3 ± 0.5 Ω). These results should 

be owing to the nanoporous structure according to EDX characterizations. The 

nanoporous Au film based PSCs can achieve a high value of JSC without using the high 

vacuum thermal evaporation process. The specific surface area of nanoporous Au film 

(133.0 m2/g) is much higher than that of the evaporated Au film (1.7 m2/g), which is a 

 

Figure 8. (a, b) Surface roughness characterization of the evaporated and nanoporous 

Au films, respectively. The scale bar is 1 µm. 

1 µm

Roughness:

8.8±0.9 nm

Roughness:

18.5±1.0 nm

1 µm

(a) (b)

Table3. Summarization of the sheet resistance and specific surface area of the 

evaporated and nanoporous Au film. 

 

Sample Sheet resistance (Ω) Specific surface area (m2/g) 

Evaporated Au film 5.3±0.5 1.7

Nanoporous Au film 11.3±0.5 133.0
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critical evidence to demonstrate the tightly contact properties of nanoporous Au on HTL 

surface. Therefore, the superior properties of nanoporous Au film can achieve a high PV 

performance in PSCs.  

 

5.4.2 J‒V characterization of perovskite solar cells using nanoporous Au films 

PV performance of nanoporous Au film based electrode PSCs 

The nanoporous Au films have been introduced into PSCs as contact electrode without 

using high vacuum thermal evaporation. The dried ethanol has been used to wet the 

nanoporous Au film and improve separation from membrane film. The dried ethanol 

solvent cannot dissolve the PMMA and spiro-OMeTAD even after keeping one hour, 

indicating that the thin film of PMMA and HTL of spiro-OMeTAD can protect the 

perovskite light harvester layer from dissolving by ethanol during the nanoporous Au film 

transfer, as shown in Figure 9.  

 

 

Figure 9. Photographs of PMMA and spiro-OMeTAD ethanol solution. (a‒c) Fresh 

chemicals of PMMA and spiro-OMeTAD in ethanol solution with concentrations of 

20 and 10 mg/mL, respectively. (e‒g) One hour later of PMMA and spiro-OMeTAD 

in ethanol solution. (b) and (f) spiro-OMeTAD ethanol solutions were soaked at UV 

light with 245 nm wavelength. 
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  Figure 10a shows the current density‒voltage (J‒V) curves and a photograph of the 

nanoporous Au film based PSCs (nano-Au-PSCs) with best PV performance. The nano-

Au-PSCs achieve a high PCE of 18.7 (19.0)% with a high VOC of 1.17 (1.16) V, a Jsc of 

21.5 (21.5) mA/cm2, and a FF of 74.3 (76.0)%, when measured at forward (reverse) 

voltage scanning. These results can be compared with the highest PCE of carbon based 

PSCs using complicated preparation process and only one-time utilization37. The 

stabilized power output (SPO) of nano-Au-PSCs has been evaluated using a bias voltage 

 

Figure 10. PV performance of PSCs using evaporated and nanoporous Au film as 

electrode. (a) J‒V curves, (b) Time evolution of SPO under MPP extracted from 

forward scanning, (c) EQE and integrated current-density of PSCs using evaporated 

and nanoporous Au film as electrode. 
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Figure 11. Reproducibility property of the PSCs using nanoporous Au film as 

electrode. (a-d) Statistical calculation of nano-Au PSCs includes JSC, VOC, FF and PCE 

(50 PSCs devices). 
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of 1.0 V extracted from maximum-power-point (MPP) of J‒V curves, as shown in Figure 

10b. The nano-Au-PSCs achieve a high SPO of 18.6% and maintain a relative stable value 

during measurement, is a slightly higher than those in self-adhesive macroporous carbon 

electrode PSCs37 and much higher than those in the monolithic nanoporous Ni and Au 

electrode PSCs using complicated fabrication procedure48,49. The EQE of nano-Au-PSCs 

is characterized using IPCE in the dark condition. Figure 10c shows the EQE spectrum 

of nano-Au-PSCs. The nano-Au-PSCs can obtain a high average value of 85.1% of EQE 

from 400 to 740 nm region with an integrated current-density of 21.1 mA/cm2.  

 

To confirm the reproducibility of performance, a large amount of devices has been 

fabricated and shown the statistically results in Figure 11. The nano-Au-PSCs exhibit a 

high average value of 17.8 ± 0.5% PCE and a narrow distribution from 17.0 to 19.0%, 

which is much narrower than that of monolithic nanoporous Au PSCs49, without using 

high vacuum and long-term thermal Au deposition process, as shown in Figure 11a. The 

other parameters of JSC, VOC and FF also exhibit a narrow distribution, as shown in 

Figures 11b-c. Therefore, nano-Au-PSCs achieved a comparable PV performance with 

those of the evaporated Au films based PSCs. 

 

Electrochemical properties of perovskite solar cells 

Impedance spectroscopy has been employed to characterize the carrier dynamics of 

PSCs with evaporated and nanoporous Au films as electrodes. Figure 12a shows the 

Nyquist plots of impedance and its simulated equivalent circuit of evaporated Au film 

based PSCs (evap-Au-PSCs) and nano-Au-PSCs. The Nyquist plots show a similar shape 

 

Figure 12. Impedance-capacitance properties of PSCs. (a) Nyquist plots of the 

impedance measurement of PSCs using evaporated and nanoporous Au films as 

electrode. The devices were measured at a bias voltage of 1.0 Vand one sun 

illumination conditions. The simulated equivalent circuit is shown in the inset. (b, c) 

Rrec and RHTM values of evap-Au-PSC and nano-Au-PSCs, respectively. 
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of evap-Au- and nano-Au-PSCs with various radius. The plots consist of two components 

of high and low frequency range from the two contributions of carriers transport from 

perovskite to HTL and recombination process of carreris4,53–55, respectively. The 

simulated curves of Nyquist plots with parameters of hole transport resistance (RHTM) and 

recombination resistance (Rrec)
55 have well reproduced the experimental results.  

 

  Figures 12b and c show the obtained values of Rrec and RHTM under various bias voltage 

with one sun light illuminations. The Rrec and RHTM of evap-Au- and nano-Au-PSCs are 

continuously decreased as the bias voltage increment, which are similar to the previous 

observations4,56,57. However, the reduce rate of evap-Au-PSCs is slightly larger than that 

of nano-Au-PSCs because of larger initial values. The lower initial values of Rrec and 

RHTM of nano-Au-PSCs should attribute to a relative weak contact between the HTL and 

nanoporous Au film compared with those of evap-Au-PSCs. Hence, the carrier 

recombination loss and PV performance of nano-Au-PSCs is slightly higher and lower 

than those of evap-Au-PSCs, and the hysteresis becomes also increased using in 

 

Figure 13. PV performance of PSCs reusing evaporated and nanoporous Au film as 

electrode. (a, b) J‒V curves of PSCs with one time reused evaporated and nanoporous 

Au film as electrode. (c) J–V curves of the PSCs with 12 times recycled utilization of 

nanoporous Au film electrode. (d) Summary of PV parameters of the PSCs with 12 

times recycled utilization of nanoporous Au film electrode. 
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nanoporous Au contact electrode, as shown in Figures 2 and 10.  

 

5.4.3 Recycled nanoporous Au film in perovskite solar cells 

  The environmental stability of PSCs against moisture and oxygen is not enough 

satisfied toward the industrial application, which is the one of critical and ongoing issue 

in the studies of PSCs. The Au electrode is usually used as only single-time, and 

frequently discarded after the degradation of perovskite photoactive layer in the PSCs. 

The nanoporous Au film can be applicable to the recycling in the PSCs in addition to the 

advantages of simple and facile fabrication by dry transfer. We tried to realize the 

recycling of nanoporous Au electrode in the PSCs to reduce the noble metal resource 

waste and environmental pollution. 

 

  Figures 13a and b show the J‒V curves of PSCs with reusing of evaporated and 

nanoporous Au films collected after dissolving the perovskite and HTL of spiro-

OMeTAD, and transferring to the fresh film of membrane. The nano-Au-PSCs exhibit a 

much higher photovoltaic performance after reusing the Au electrode film compared with 

 

Figure 14. Physical images of Au film and PSCs. (a) Recycled utilization of 

evaporated Au film in PSCs. (b) Recycled application of nanoporous Au film in PSCs. 

The scale size of PSCs is 2525 mm2. 
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that of reusing evaporated Au film in PSCs, especially the substantial reduction of FF and 

VOC in evaporated Au device. This is the first time to realize the recycled utilization of Au 

electrode in PSCs as our knowledge. The serious decrease of the photovoltaic 

performance of PSCs on the reusing evaporated Au film should come from the stacking 

properties of Au film to HTL after the transfer. The collected evaporated Au film surface 

exists some folded textures after dissolving the perovskite and HTL, which seriously 

reduce the stacking quality, and contact area between HTL and Au electrode film, as 

shown in Figure 14a. In contract, the nanoporous Au film shows the clear interface 

without any folded textures on surface and cracks, as shown in Figure 14b. 

 

  Continuously recycled utilization of nanoporous Au film in PSCs has been conducted 

by dissolving perovskite and HTL using acetone, washing 5 times to remove residual 

chemicals and repeating the transferring process. The detailed procedures are described 

in Experimental Section. Figures 13c and d show the J‒V curves under reverse scanning 

and summarized photovoltaic parameters of PSCs with reusing of nanoporous Au film. 

This is the first time to successfully realize recycled utilization of electrode film for more 

than 10 times with superior performance. The physical reason of reduction of the 

photovoltaic performance of PSCs using the reused nanoporous Au films results from the 

severe deterioration of FF and JSC, and slight decrease of VOC, as shown in Figure 13d. 

As shown in Figure 14b, the main decrease of the PSCs’ performance should come from 

the reduction of active area of the nanoporous Au film during the recycling. Interesting, 

the cost of PSCs has been significantly reduced after using nanoporous Au film as 

electrode, and the fabrication cost further reduce after 6 and 12 times recycled utilization, 

as shown in Figure 15a. And, the cost of nanoporous Au film almost zero compared with 

 

Figure 15. (a) Cost of each PSCs fabrication, 6 and 12 times recycled utilization of 

nanoporous Au film. (b) Cost of each piece of evaporated and nanoporous Au film, 6 

and 12 times recycled utilization. 
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the evaporated Au film, and the cost of evaporated Au film further increase as the recycled 

times increment, indicating that the nanoporous Au film can reduce the Au metal 

consuming and environmental pollution, as shown in Figure 15b. 

 

Physical reason of decreasing performance of PSCS with reused Au film 

The SEM has been used to characterize the stacking properties of Au films on the HTL 

surface, affecting the photovoltaic performance of PSCs. Figure 16 shows the cross-

sectional morphology of reused evaporated and nanoporous Au films in PSCs. The cross-

sectional image of evaporated Au film PSCs shows the large voids between the Au film 

and HTL of spiro-OMeTAD because of the folded textures of collected evaporated Au 

film, resulting in a serious reduction of the PSCs, as shown in Figure 16a. In contrast, the 

nanoporous Au film can tightly stack on the HTL surface, which is similar to the first time 

utilization, as shown in Figure 16b. Therefore, the nanoporous Au film can realize high 

performance in PSCs even reusing this Au film.  

 

The composition of nanoporous Au film has been characterized using SEM-EDX after 

12 times recycled utilization, as shown in Figure 17. Figure 17a shows the measurement 

 

Figure 16. (a, b) Cross-sectional morphology characterization of PSCs with one time 

reusing the evaporated and nanoporous Au film via SEM, respectively. The scale bar 

is 500 nm. 

500 nm

500 nm

(a)

(b)
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area and EDX spectrum of reused nanoporous Au. The main elements of reused 

nanoporous Au film are Au and Ag, and the atomic ratio is 3.9:1, which is similar to the 

fresh nanoporous Au film. Notably, the reused nanoporous Au film surface also appears 

some I element, and the atomic ratio of Au, Ag and I is 44.4:11.3:1. The elements of Au, 

Ag and residual I homogeneously distribute on the reused nanoporous Au film as shown 

in Figure 17b, in which the residual I element is another reason of performance reduction 

for nano-Au-PSCs because of the conductivity decrease of nanoporous Au and JSC after 

several times reusing.  

 

5.4.4 J‒V characterization of flexible perovskite solar cells 

  The nanoporous Au film has been also employed in the flexible PSCs (nano-Au-fPSCs) 

to confirm the enhancement of bending durability, because the penetrating cracks of Au 

electrode film is another reason for fPSCs performance reduction according to the 

previous observation46,58. Figures 18a and b show the J‒V curves of the best photovoltaic  

 

Figure 17. Energy dispersive X-ray spectroscopy (EDX) spectra and mapping of 12 

times used nanoporous Au film. (a) characterized atomic percentage of the main 

elements (C, O, Fe, Au and Ag) in the nanoporous Au film are summarized in table. 

The atomic ratio of Au, Ag and I is 44.4:11.3:1. (b) EDX mapping spectra of Au, Ag 

and I elements shows the uniform distribution of Au, Ag and I elements. The remained 

element of I is one reason of PSCs performance reduction. 

The scale bar is 200 nm. 

Au

Ag

I

Element wt.% at.%

C 15.88 67.45

O 1.72 5.47

Fe 4.99 4.56

Al 0.21 0.40

Au 66.89 17.32

Ag 9.35 4.42

I 0.96 0.39

Total 100.00 100.00

(a) (b)
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performance of evaporated Au film based fPSCs (evap-Au-fPSCs) and nano-Au-fPSCs 

in this study. The nano-Au-fPSCs achieve a high PCE of 17.2 (17.3)% with a VOC of 1.15 

(1.14) V, a Jsc of 19.3 (19.4) mA/cm2, and a FF of 77.3 (78.0)%, comparable with the 

evap-Au-fPSCs with a high PCE of 18.2 (18.3)% with a VOC of 1.14 (1.14) V, a Jsc of 

21.1 (21.1) mA/cm2, and a FF of 75.9 (76.5)%, measured at forward (reverse) voltage 

 

Figure 18. Photovoltaic performance of fPSCs using evaporated and nanoporous Au 

film as electrode. (a, c) and (c, d) J‒V curves and SPO of fPSCs using the evaporated 

and nanoporous Au film as electrode. 

 

Table 4. Summary of the photovoltaic performance of fPSCs using the evaporated and 

nanoporous Au film as electrode. (Evaporated Au fPSCs: 10 devices, Nanoporous Au 

fPSCs: 20 devices) 
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Sample Scan direction JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Evaporated

Au PSCs

Forward 20.6±0.5 1.13±0.01 75.7±0.0 17.6±0.5

Reverse 20.7±0.5 1.12±0.01 76.6±0.0 17.7±0.5

Nanoporous

Au PSCs

Forward 19.5±0.2 1.12±0.01 75.5±0.0 16.5±0.4

Reverse 19.5±0.2 1.12±0.01 76.2±0.0 16.7±0.4
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scanning. The evap-Au-fPSCs and nano-Au-fPSCs exhibit an ignorable hysteresis on J‒

V curves, and a high SPO of 17.2 and 18.2% under the MPP extracted from J‒V curves 

under continuously light soaking with relative stable value during the measurement, as 

shown in Figures 18c and d. 

 

  A large number of evap-Au-fPSCs and nano-Au-fPSCs have been fabricated to 

evaluate the reproducibility and the statistical calculation results are summarized in Table 

4. The two type devices exhibit a high average value of 17.7 ± 0.5% of evap-Au-fPSCs 

and 16.7 ± 0.4% of nano-Au-fPSCs, respectively, indicating that a comparable 

 

Figure 19. PV performance of fPSCs using evaporated and nanoporous Au film as 

electrode after bending testing. (a, b) J‒V curves, (c-f) Statistical calculation of 

bending durability of fPSCs using evaporated and nanoporous Au film as electrode 

after 1000 cycles bending testing at a bending radius of 5 mm. 
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performance of nano-Au-fPSCs compared with evap-Au-fPSCs. 

 

5.4.5 Bending durability of flexible perovskite solar cells 

  A harsh bending testing has been introduced into fPSCs to evaluate the bending 

durability of evap-Au-fPSCs and nano-Au-fPSCs at a bending radius of 5 mm. Figures 

19a and b show the J‒V curves of evap-Au-fPSCs and nano-Au-fPSCs at various bending 

cycles, indicating that the reduction of two-types devices is FF decrease and VOC, 

especially the FF, which is similar to our previous observations58. However, the nano-Au-

fPSCs can sustain much better bending durability compared with evap-Au-fPSCs. Figures 

19c-f show the statistical calculation of bending durability of 4 devices of evap-Au-fPSCs 

and nano-Au-fPSCs. The nano-Au-fPSCs can maintain a high mechanical resistance of 

ca. 98.5% compared with the initial PCE, which is much better than that of the evap-Au-

fPSCs with ca. 91.0% of initial value even after 1000 bending cycles testing at a bending 

radius of 5 mm. The other parameters including JSC, VOC and FF of the nano-Au-fPSCs 

exhibit much better values compared with those of the evap-Au-fPSCs, as shown in 

Figures 19c-f.  

 

Interesting, the bending durability of the nano-Au-fPSCs slightly increases as bending 

testing during the bending less than 50 cycles, which should be attributed the 

enhancement of stacking contact between the HTL and nanoporous Au film during the 

low bending testing cycles because the structure of nanoporous Au film can release the 

bending stress to adjacent nano pores. As the bending testing extension, the deterioration 

of evap-Au-fPSCs and nano-Au-fPSCs should come from the cracks of the ITO substrate 

and Au electrode films, as similar to our previous observations58. 

 

Figure 20. (a, b) Surface morphology characterization of fPSCs using the evaporated 

and nanoporous Au film as electrode via SEM after 400 bending cycles testing at 

bending radius of 5 mm, respectively. The scale bar is 1 and 1.5 µm, respectively. 

1 µm

1.5 µm

1 µm 1.5 µm

(a) (b)
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However, the nanoporous Au film can maintain much better bending durability 

compared with that of the evaporated Au film according to SEM characterizations, as 

shown in Figure 20. Figure 20a show the surface morphology of the evaporated and 

nanoporous Au films after 400 bending cycles testing at the bending radius of 5 mm. The 

evaporated Au film surface causes severe cracks with penetrating textures, however, the 

nanoprous Au film only appears some non-penetrating cracks textures, which is the main 

reason that the nanoporous Au film sustains better carrier transport ability and much 

higher values of JSC, FF and PCE in nano-Au-fPSCs.  

 

5.5 Chapter summary 

  The nanoporous Au film has been successfully introduced into the rigid and flexible 

planar PSCs as contact electrode and achieved a high PV performance without using 

typical complicated high vacuum thermal evaporation process. As results, a high PCE of 

19.0% with an ignorable hysteresis has been obtained on rigid nano-Au-PSCs and 

realized more than 12 times recycled utilization of the nanoporous Au in PSCs with a 

small reduction of PV performance. The main decrease reasons of the PV performance 

on reusing nanoporous Au film based PSCs should attribute to the active area reduction 

and the residual elements on nanoporous Au film. A high PCE of 17.3% with a negligible 

hysteresis has been achieved on nano-Au-fPSCs and maintained a high bending durability 

of ca. 98.5% even after 1000 bending cycles at bending radius of 5 mm. The excellent 

bending durability of the nano-Au-fPSCs should come from the perovskite quality 

enhancement and the superior bending durability of the nanoporous Au film. Findings on 

a facile, feasible and effective approach to deposit the nanoporous Au film as the contact 

electrode with high PV performance in PSCs by replacing the typical complicated high 

vacuum thermal evaporation deposition could simplify the fabrication process of PSCs 

and accelerate the commercial application. Recycled utilization of the nanoporous Au 

film in PSCs as contact electrode can substantially reduce the fabrication cost, resource 

waste and ecological environmental pollution. 
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Chapter 6. Conclusions 

   

I have successfully realized the significant enhancement of the photovoltaic 

performance of perovskite solar cells (PSCs) using architecture design, including the 

perovskite light harvester layer passivation, compositional change of perovskite, 

replacement of carrier transport materials, new perovskite crystal growth approach and 

application of new metal electrode. Moreover, the recycling of noble metal electrode 

proposed in this study will pave new pathway for low cost, shorten energy payback period, 

resource waste elimination and eco-friendly fabrication of PSCs. The architecture 

designing have potentially acceleration for the industrial application of PSCs.  

 

  The quality of MAPbI3-peovkiste has been dramatically enhanced using polymer 

passivation of PMMA. The power conversion efficiency (PCE) of MAPbI3-PSCs has 

been promoted up to 20.5%, meanwhile, and the stability also has been enhanced under 

stabilized power output (SPO) measurement at continuous light soaking. However, the 

insulating properties of polymers deteriorated the hysteresis of PSCs because of the 

carrier accumulation on the interface between perovskite and polymer materials. 

 

  The fragile humidity resistance of MAPbI3-peovkiste and sensitivity to ultraviolet 

stability of TiO2 have been replaced by Cs mixed-cations based perovskite and SnO2 as 

electron transport material (ETM) in the PSCs. The photovoltaic performance and 

stability of PSCs have been significantly promoted. Moreover, a high PCE of 17.1% of 

SnO2 based fPSCs has been realized with taking the advantage of low-temperature 

fabrication of perovskite and superior ETM of SnO2, in which the fPSCs can sustain an 

excellent bending durability of ca. 76.5% compared with that of the initial PCE even after 

2000 bending cycles at bending radius of 4 mm. The SnO2 electro transport layer 

composed of SnO2 nanoparticles enable the high bending durability by releasing the 

bending stress. 

 

The excessive PbI2 as a Cs-perovskite precursor induces serious the carrier 

recombination loss, even though the large crystal perovskite film can be obtained. To 

improve the photovoltaic performance of PSCs, the second solution growth process 

(SSGP) technique has been introduced into perovskite crystals growth to eliminate the 

excessive PbI2. The SSGP-PSCs has promoted the PCE up to 21.6%. Moreover, the 

stability of PSCs has also been substantially enhanced under the continuous light soaking 

at humidity of ca. 50% and thermal stability at 80 ℃ in nitrogen condition, respectively. 
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The excellent photovoltaic performance of PSCs has been usually realized on noble 

metal electrode using high vacuum thermal deposition process, however the PCSs has 

been discarded after the degradation of perovskite and increase the fabrication cost of 

perovskite-photovotaics. Thus, the nanoporous Au film has been introduced into PSCs to 

replace the conventional deposition technology of metal electrode. The nanoporous Au 

film based PSCs realized a high PCE of 19.0%, and more than 12 times recycled 

utilization of metal electrode. The nanoporous Au film enables an excellent bending 

durability of ca. 98.5% of fPSCs even after 1000 bending cycles testing at a bending 

radius of 5 mm, in which the nanoporous structure of Au film can prevent from 

penetrating cracks generated in the bending tests. 

 

  Improving the photovoltaic performance of PSCs by an approach of architecture design 

by varying the stacking configuration, passivation, and material innovation paves a 

potential way toward its commercial application. 
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