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This dissertation deals with the prediction and analysis of experimental 

results for solar cell characteristics using 2p-atom-based materials. Solar cells are 

one of the most attractive renewable energy sources. Unlike solar cells that use 

inorganic-based light-absorbing layers, photovoltaic devices using organic and 

organic-inorganic hybrid perovskite-based light-absorbing materials have unique 

advantages of low production cost, flexibility, and lightweight of products. Most 

lab-scale polymer solar cells (PSC) and perovskite solar cells (PeSC) use expensive 

electrode materials. In addition, PSC and PeSC have shorter lifetimes than 

inorganic solar cells, which impede the commercialization of PSC and PeSC. To 

solve these problems, 2p-atom-based materials - especially carbon nanomaterials 

and organic materials - are alternatives that can take advantage of PSC and PeSC. 
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Although research on 2p-atom-based materials has been extensively conducted, 

there is a lack of in-depth consideration of how the material parameters affect the 

performance and lifetime of the device. By establishing correlations between 

material properties and device parameters through modeling, it is possible to 

objectively evaluate the fabricated solar cells and propose improvements for further 

improvements in performance. 

Chapter 1 introduces 2p-atom-based materials for PSC and PeSC application. 

The overall development of solar cells, the status and challenges of PSC and PeSC, 

and the need for 2p-atom-based materials are discussed. For practical applications, 

electrodes/charge extracting layers (CELs)/gas barriers based on 2p-atom-based 

materials, especially nanocarbons and semiconducting organic materials, are 

essential. 

Chapter 2 presents theoretical considerations for various parameters 

affecting the performance of solar cells where candidates for 

electrodes/CELs/light-absorbing layers are selected. From the viewpoint of the 

photodiodes, the predicted photovoltaic parameters and resulting current density 

(J)-voltage (V) curves of PSC and PeSC are provided depending on the physical 

properties of materials. 

Chapter 3 discusses the fabrication and analysis of 2p-atom-based PSCs and 

PeSCs that replace the conventional electrode and CEL materials. The reduction in 

nonideality induced by the addition of a graphene oxide layer is critical for 

improving the power conversion efficiency of solar cells. The measured J-V curves 
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are compared with the predicted J-V curves to demonstrate the superiority of the 

resultants. 

Chapter 4 utilizes the utilization of graphene quantum dots adding to the 

polymer-fullerene light-absorbing layer to reduce the series resistance attributed to 

photoactive materials. Furthermore, graphene quantum dots cause effective exciton 

migration and reconstruction of nanostructures for the light-absorbing layer. By 

introducing the optimized photoactive layer, the performance of all-2p-atom-based 

solar cells is advanced. 

Chapter 5 and Chapter 6 focus on the rational design of low-temperature 

solution-processed reduced graphene oxide barriers for prolonging the lifetime of 

the photovoltaic devices. The most suitable conditions to improve gas barrier 

properties are found by comparing the lateral size, chemical structure and degree of 

graphene oxide defects used in the fabrication. Through the water permeability 

analysis of the reduced graphene oxide films, it is confirmed that the size of the 

graphene oxide sheet and the presence of voids have significant effects on the gas 

barrier membrane performance. Moreover, the stacking nature of the reduced 

graphene oxide is controlled to enhance gas blocking ability. Through grazing-

incidence X-ray analysis, the crystallinity, orientation and fractal structure of the 

graphene film are identified to confirm the ideal stacking structure. The optimized 

reduced graphene oxide films are coated on polymer substrates and then applied to 

PSCs and PeSCs to confirm the improvements in stability. 

The results provided in this study are not limited to PSC and PeSC but can 
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be applied to devices with various light-absorption layers. The design of 2p-atom-

based materials and hybrids with better material properties will enable them to 

produce devices with improved performance and ultimately help solve the energy 

problems that humanity is currently facing. 
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Figure 5-12. Long-term stability of rGO_000/PEN-encapsulated PSC. 

Figure 6-1. A schematic image on the fabrication of rGO-based gas barriers by 

controlling phase of GO in the liquid media. 

Figure 6-2. SEM images of (a) GO_L and (c) GO_S on a Si wafer. Lateral size 

distribution of (b) GO_L and (d) GO_S by analyzing microscopy images. 

Deconvoluted C1s spectra of (e) GO_L and (f) GO_S obtained by XPS. (g) Atomic 

concentration of various carbon forms deduced from C1s spectra of graphene 

derivatives. 

Figure 6-3. FT-IR transmittance spectra of GO_L and GO_S. 
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Figure 6-4. Deconvoluted C1s spectra of (a) rGO_L and (b) rGO_S. 

Figure 6-5. POM images of (a) GO_L dispersions at concentrations of 0.10, 0.50, 

1.0, and 2.0 mg mL-1 and (b) GO_S dispersions at concentrations of 1.0, 3.0, and 

8.0 mg mL-1. The inset bar for each sample is 500 μm. (c) Birefringence intensity 

of GO dispersions as a function of lateral size and concentration by image analysis. 

Figure 6-6. (a-b) AFM images of spray-coated (a) I_rGO_L-coated and (b) 

N_rGO_L-coated films (thickness: 30 nm, scale bar: 4 μm). (c-f) AFM images of 

partially covered rGO using (c) I_GO_L and (d) N_GO_L dispersion. (scale bar: 20 

μm). Line scanning profiles along the white arrows in the images for (e) I_rGO_L 

and (f) N_rGO_L. Red arrows indicate the thickness of stacked rGO sheets 

deposited by spraying process. 

Figure 6-7. 2D GIWAXS patterns of thin films of (a) I_GO_L, (b) N_GO_L, (c) 

I_rGO_L and (d) N_rGO_L. 2D GISAXS patterns of (e) I_rGO_L and (f) 

N_rGO_L films. (g) Scattering profiles of graphene derivatives from GIWAXS 

patterns along the out-of-plane direction. (h) Master profiles of rGO-coated films to 

analyze textural characteristics of the laminates. (i-k) Scattering intensity integrated 

along the azimuth. Radial scanning plots to analyze the alignment of the (i) GO 

sheet, (j) rGO sheet and (k) frGOs. Azimuthal angle is counted clockwise from the 

out-of-plane direction. (l) Schematic images on the stacking of rGO-based building 

blocks and gas permeation pathways within rGO laminates. 

Figure 6-8. (a) WVP of rGO layers at the 38  and 100% RH condition by 

utilizing different concentrations of aqueous dispersion. Values were obtained by 
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subtracting the value of the PEN value. Inset displays a photograph of a flexible 

rGO/PEN gas barrier. (b) WVTR comparison of I_rGO_L-coated gas barriers 

measured at 38  and 100% RH (black) as well as 25  and 100% RH (red). 

Figure 6-9. UV-vis spectra of bare PEN and rGO_L-coated gas barriers. 

Figure 6-10. Time-dependent J-V characteristics of P3HT:PC61BM PSC (a) 

without gas barrier, as well as encapsulated with (b) bare PEN, (c) I_rGO_L/PEN, 

and (d) N_rGO_L/PEN. (e) Normalized PCE of PSC as a function of air exposure 

time. (f) Long-term lifetime test result for the optimized device with the I_rGO_L 

barrier. Inset shows a device encapsulated with the I_rGO_L film (rectangle with 

red dotted line). (g) Photographs for water resistance test. Water droplets were 

dropped onto top of the fabricated solar cells (left). The back of the fresh devices 

(middle) and the aged devices after 10 h of the resistance test. (h) Degradation of 

PCEs as a function of water contact time. 

Figure 6-11. Time-dependent degradation pattern of P3HT:PC61BM PSCs 

encapsulated with or without barriers. (a) JSC (b) VOC and (c) FF of devices as a 

function of exposure time at 25 , 100% RH condition. 

Figure 6-12. Change in normalized photovoltaic parameters of (a-d) PTB7-

Th:PC71BM and (e-h) MAPbI3 solar cells with air exposure time. 

Figure 6-13. Long-term stability of PTB7-Th:PC71BM-based and MAPbI3-based 

solar cells. 

Figure 7-1. PCE of the solar cells using all-carbon-based electrodes reported in the 

literature and in this work. 
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Figure 7-2. WVP of various gas barriers. 

Figure 7-3. Measured and predicted J-V curves by controlling the nature of 

MAPbI3. 

Figure 7-4. Required advance in WVTR for the year-scale stability of PSC and 

PeSC.
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Chapter 1. Introduction 

 

1.1 General Introduction to Solar Cells 

1.1.1 Need for Solar Cells as Renewable Energy Sources  

Electricity production based on thermal and nuclear powers is the main 

energy conversion systems currently responsible for 72% of the global electricity 

production.1 However, environmental pollution caused by waste generated from 

such power generation should be restricted for the sustainability of the global 

society, so research on renewable energies has been underway. Various energy 

sources such as hydropower, wind, and biomass are utilized. Among them, power 

generation using solar light has the attractive advantage of being able to use the 

considerable energy generated by the sun almost indefinitely. Since the first 

practical solar cell was demonstrated in 1954,2 they have been the subject of 

extensive research as a next-generation energy source. As of 2018, the amount of 

energy generated by photovoltaic systems installed around the world has exceeded 

500 GW where solar power accounts for 2.6% of the world's electricity production 

(Figure 1-1 and 1-2). 

 

 

 

 

 

- 2 -



 

 

 
Figure 1-1. The trend in the power generation of regional photovoltaic installations 

since 2000.1 

 
Figure 1-2. The ratio of energy resources for global electricity demand in 2018.1 
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1.1.2 Operating Principle of Solar Cells 

The simplest solar cell contains a light-absorbing material that can convert 

light into electricity as well as an anode and a cathode that can collect the 

converted charges. Under this structure, the operation of the solar cell goes through 

the following four steps: 1) When the light source is irradiated on the solar cell, the 

light-absorbing material absorbs available photons. 2) Due to the absorbed photon 

energy, the electrons in the valence band are excited to the conduction band. This 

excited electron and a hole generated in the empty position form an exciton. 3) The 

exciton moves and the charges are split by the driving force at the p-n junction. 4) 

The dissociated charges migrate to opposite electrodes due to differences in 

external energy levels, which ultimately contribute to solar cell current production. 

Therefore, in order to produce solar cells with excellent light conversion efficiency, 

it is essential to design the most suitable light-absorbing materials first. 

Consequently, numerous lab-scale studies are proceeding with this goal in mind. 

 

1.1.3 Development of Solar Cells from Inorganic-Based to 

Organic-Based Photoactive Materials 

After the first fabrication of silicon-based solar cells, early research on solar 

cells has been carried out based on inorganic-based light absorbers like Si, Cu-In-

Ga-Se (CIGS), CdTe, GaAs, GaInP, and InP.3 Among these candidates, crystalline 

Si solar cells have entered the commercialization stage. State-of-the-art inorganic-
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based solar cells exhibit a power conversion efficiency (PCE) of more than 20%4 

and can guarantee stability for more than one year, but the cost of device 

production is high and the brittle properties of inorganics make them unsuitable for 

applications other than solar panels. 

In order to overcome these limitations, solar cell development including 

organic-based photoactive materials such as dye-sensitized solar cells, bulk-

heterojunction organic solar cells, and organic-inorganic hybrid perovskite solar 

cells (PeSCs) has been conducted since the 1990s.5-7 These solar cells use much 

thinner light-absorption layers (tens of dozens to hundreds of nm) than inorganic 

materials and are flexible. Such properties make them suitable for specialized 

applications like portable electronics, building-integrated photovoltaics, and 

greenhouse applications that cannot be fabricated by the inorganic-based solar cells 

(Figure 1-3).8 Improvements in PCE are underway with champion data of 25.2% 

for PeSCs and 17.4% for organic solar cells as of 2019 (Figure 1-4).4 The 

evaluation indices of various solar cells are summarized in Figure 1-5. 
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Figure 1-3. Possible applications for production capacity and PCE of solar cells.8 

 
Figure 1-4. State-of-the-art PCE of solar cells certified by the National Renewable 

Energy Laboratory.4 
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Figure 1-5. Comparison of various solar cell characteristics. 
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1.1.4 Progress and Challenges for Organic and Perovskite 

Solar Cells for Practical Applications 

1.1.4.1  Improvements in the Power Conversion Efficiency of 

Solar Cells 

When using a light-absorbing material with a specific bandgap (Eg), there is 

an upper limit for the efficiency of a solar cell, calculated by Shockley and 

Queisser.9 However, since the Shockley-Queisser limit (SQ limit) adopts extreme 

assumptions for the solar cell system, it is difficult to utilize the SQ limit for 

practical prediction of PCE. In particular, organic solar cells use a mixture of two 

or more materials in the light-absorbing layer, so various variables must be 

considered. Predictions for PCE have been reported by considering energy levels of 

a light-absorbing material, charge mobility, and recombination-induced voltage 

loss.10-12 In the case of PeSC, there is a study on the performance prediction 

reflecting the optical absorbance of the material and the light loss caused by the 

transparent electrode.13 

 

1.1.4.1.1 Design of Novel Photoactive Materials 

To reach theoretically predicted solar cell performance, the synthesis of 

polymer donors used in PSC has been reported (Figure 1-6).14 In addition, studies 

are being actively conducted to introduce non-fullerene acceptors based on small-
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molecules rather than fullerene-based acceptors to expand the photoactive range, 

improve long-term stability, and minimize energy loss (Figure 1-7).15 In the case of 

PeSC, research on Eg control of the absorber for performance optimization is 

underway. For the methylammonium lead halide, the Eg of a substance can be 

easily controlled by changing the composition ratio of halide ions (Figure 1-8).16 
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Figure 1-6. Chemical structure of polymer donors used in high-performance 

PSCs.14 

 
Figure 1-7. Chemical structures of non-fullerene acceptors.15 
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Figure 1-8. (a) UV-vis absorption spectra, (b) photographs of methylammonium 

lead halide, and (c) external quantum efficiency spectra of methylammonium lead 

halide-based solar cells.16 
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1.1.4.1.2 Adoption of a Multi-Junction Structure 

Unlike the ideal materials that Shockley and Queisser assumed in their work, 

the actual light-absorbing materials cannot convert all photons with energy above 

Eg into electricity. Therefore, in order to absorb more photons while responding to 

a wider wavelength, a method of stacking multiple light-absorbing layers can be 

utilized. Like a multi-junction solar cell using III-V compound semiconductors, the 

various device structures of photovoltaic cells with a tandem structure in which two 

or more light-absorbing layers are stacked have been introduced. When several 

light-absorbing layers are selected to complement the absorption areas of each 

other, the applicable range is widened; as a result, the PCE is increased. Highly 

efficient tandem solar cells combining organic, perovskite, and even silicon-based 

absorbers have been reported.17-20 

 

1.1.4.1.3 Optimization of Nanomorphology 

Even if a material with an ideal Eg is used as a light-absorbing material, 

defects in the material itself can cause energy loss due to non-radiative 

recombination.21 Therefore, the implementation of nanostructures in which exciton 

dissociation, charge separation, and carrier transport can occur smoothly is an 

important topic in the high-efficiency solar cell fabrication. In organic solar cells, 

the major issues are the crystallinity and orientation of the polymer chain, the 

optimization of the donor/acceptor interface, and domain sizes.22 For perovskite 
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materials, there are reports of improving the solar cell performance by controlling 

the crystallinity and orientation of the layer.23,24 The surface passivation 

effectiveness for enhancing open-circuit voltage has also been demonstrated.25-27 

 

1.1.4.2  Enhancement in the Stability of Solar Cells 

Organic semiconductors react with oxygen under light illumination, so the π-

conjugated structure collapses and loses its original properties.28 Hybrid perovskite 

containing organic-based ions are decomposed when reacted with moisture and 

oxygen and no longer show photoactivity.29 These problems decisively impact the 

short lifespan of organic-based solar cells. Therefore, situations where oxygen and 

moisture have difficulty accessing the light-absorbing layer are essential elements 

for long lifetimes. To solve this issue, it is necessary to improve the performance of 

the gas barrier film used to seal the device and to replace components in the device 

with a material that is stable to oxygen and moisture. 

 

1.1.4.2.1 Replacement of Easily Degradable Materials 

Moisture and oxygen-sensitive materials used in the charge extracting layer 

(CEL) and the electrode can limit the lifetime of organic-based devices. Therefore, 

replacing such a reactive layer is strongly recommended for long-term stability of 

PSC and PeSC. CEL materials that can provide stability are organics like 

poly(ethylenimine), poly(ethylenimine) ethoxylated (PEIE), and metal oxide. 
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Silver and gold electrodes are good candidates for improving device stability. By 

selecting a suitable CEL, the lifetime of the organic solar cells can be dramatically 

improved (Figure 1-9).30 
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Figure 1-9. The expected lifetime of normal and inverted organic solar cells 

depending on the water vapor transmission rate and time lag of gas barriers.30 
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1.1.4.2.2 Development of Encapsulating Barriers 

Sealing the device with a gas blocking barrier is the simplest and most 

effective way to improve the lifetime of organic-based solar cells. Various 

inorganic-based barriers prepared by atomic layer deposition (ALD) have been 

suggested to produce flexible films with excellent gas barrier properties, and the 

lifespan of organic solar cells using them has been dramatically improved.31-33 In 

addition, encapsulating methods such as coating hydrophobic polymers34 and 

fabricating barriers with organic/inorganic multilayers prepared by ALD or 

chemical vapor deposition (CVD) are reported.35,36 Furthermore, gas barriers such 

as polymer/metal/polymer and polymer/graphene/polymer with structures 

applicable to roll-to-roll processes have been proposed with low water vapor 

transmission rates (WVTRs).37,38 

 

1.1.4.3  Challenges of Organic and Perovskite Solar Cells 

1.1.4.3.1 Highly Efficient Solar Cells with Low-Cost 

Materials 

As mentioned above, organic solar cells and PeSCs are comparable to 

inorganic-based solar cells for PCE. However, these efficiencies are mostly the 

result of devices using indium tin oxide (ITO) or fluorine-doped tin oxide as the 

transparent conductive electrode (TCE) and the deposited metal electrode as the 

top electrode (TE). According to studies on the production cost of the polymer 
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solar cell (PSC) module, the price of raw materials has a much greater influence on 

the production cost of solar modules than the cost from equipment and labor. 

Additionally, replacing high-cost materials (including ITO, metal, and barrier) are 

essential for reducing the manufacturing cost of the photovoltaic module (Figure 1-

10).39,40 Therefore, for the practical use of PSC and PeSC, it is essential to 

manufacture highly efficient devices using inexpensive materials. Since the 

properties of the materials used for fabricating the devices are all different, it is also 

necessary to consider how these features affect the performance of the solar cells. 
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Figure 1-10. (a) Calculated manufacturing cost of a 1 m2 ITO-containing single-

junction organic photovoltaic module. (b) The layer structure of a roll-to-roll 

compatible organic solar cell. (c) Calculated material cost of the roll-to-roll 

processed solar cell fabrication.39,40 
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1.1.4.3.2  Development of Low-Cost, Flexible, and 

Lightweight Encapsulating Barrier 

To date, the production of high-performance oxide-based gas barriers 

requires expensive processes such as ALD. The sealing materials produced in this 

method are high in cost and heavy since they use high-density materials, which can 

impede the practical application of PSC and PeSC (Figure 1-11).41 On the other 

hand, polymer-based gas barriers can be applied to devices at relatively low cost 

and to flexible devices. However, the high oxygen and moisture permeabilities of 

the material do not guarantee long-term stability. A general comparison of a 

ceramic and organic-based gas barrier is presented in Table 1-1. The discovery and 

application of materials that utilize existing materials can significantly contribute to 

the practical use of solar cells. 
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Figure 1-11. Comparison of glass-based, metal flex-based, and all-plastic-based 

package area densities.41 

 

Table 1-1. Comparison of gas barrier materials. 

 Ceramics Polymer Graphene 
Barrier performance Excellent Poor Ideally excellent 
Chemical/thermal 
stability 

Excellent Poor Excellent 

Transparency Good Good Good 
Flexibility Poor Good Excellent 
Production cost Variable Low Variable 
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1.1.4.4  Summary of Component Replacements for Practical 

Applications 

The required characteristics for components in the solar cells in practical 

application designs are summarized in Figure 1-12. Since TCE and TE are a big 

part of the cost, they need to be mass-produced using low-cost raw materials. For 

compatibility with flexible substrates, the CEL coating should be based on the 

liquid phase process at low temperatures (< 150 °C). Moreover, the coated thin 

films should be stable to oxygen and moisture as well as inhibit gas permeation. 

Finally, in sealing barrier applications, low gas permeability must be achieved 

through a combination of flexible materials. 
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Figure 1-12. Required properties of components in the organic solar cell and PeSC. 
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1.2 Theoretical Consideration of 2p-Atom-Based 

Materials 

Lightweight atoms partially filled with 2p orbitals such as carbon, nitrogen, 

and oxygen can form covalent bonds with each other and their physical properties 

change greatly depending on the bonding type and the steric structure. For example, 

chemical bonds present in carbon-only materials such as graphite, carbon 

nanotubes (CNTs), fullerenes, and graphene are identical, but their electrical, 

optical, and thermal properties are significantly different due to the difference in 

the three-dimensional structure (Figure 1-13).42 A similar phenomenon is observed 

for materials containing heteroatoms such as polymers, graphitic carbon nitrides, 

and graphene oxides. Therefore, consideration should be given to properties of 

various atoms partially filled with 2p orbitals (so-called 2p-atom-based materials). 
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Figure 1-13. Assembly of carbon nanomaterials using graphene as a building 

block.42 
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1.2.1 Characteristics of 2p-Atom-Based Materials for Solar 

Cell Applications 

1.2.1.1  Carbon Nanotube 

CNTs are one-dimensional cylindrical carbon materials that consist of 

wrapped graphene. The electrical, optical, mechanical and thermal properties are 

determined by chirality, which is controlled by wrapping patterns of the graphene 

layer. The CNTs are classified according to the number of walls, like single-walled 

carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and 

multi-walled carbon nanotubes (MWCNTs). Due to the sp2-conjugated chemical 

structure, CNTs exhibit excellent electrical conductivity and are used as TCEs and 

TEs.43,44 In addition, the Eg is opened through the chirality control of SWCNTs and 

the semiconducting SWCNTs can be used as a light-absorbing material (Figure 1-

14).45 To apply CNTs, either the solution or dry processes can be chosen according 

to the solvent orthogonality of the materials used in the applications. 
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Figure 1-14. Expected efficiency of ideal solar cells employing semiconducting 

SWCNT as the light-absorbing layer.45 
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1.2.1.2  Graphene Derivatives 

Graphene is a two-dimensional monolayer of a carbon material with a 

honeycomb sp2-conjugated bonding nature. Few-layer graphene prepared by the 

CVD method has drawn attention as a next-generation transparent electrode 

material due to its zero Eg, excellent charge mobility, and low optical transmittance 

(97.7% for single-layer graphene).44 In addition, since perfect crystalline graphene 

does not penetrate any molecules, it also serves as a gas barrier.46 

Graphene oxide (GO) is prepared by exfoliating graphite using a strong 

oxidizing agent. Reduced graphene oxide (rGO) is obtained when the oxygen 

atoms in GO are removed by an appropriate method (thermal annealing, chemical 

reduction, and combinations thereof). The Eg of the GO derivatives varies 

according to the oxygen content.47 In particular, when the graphene oxide is 

modified by various methods, it can be used as an interfacial material that changes 

properties of an electrode in the optoelectrical devices.48 When the size of graphene 

is reduced to 20 nm or less, quantum confinement occurs and the Eg of graphene is 

opened, which can be applied to an energy conversion device.49 

 

1.2.1.3  Fullerene 

A fullerene is an allotrope of carbon and buckyball-type nanomaterial. The 

fullerene has pentagonal and hexagonal rings which are consisted of carbon-carbon 

single and double bonds. Most fullerenes undergo chemical modifications for 
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controlling energy levels and improving solubility in liquid media. Since the Eg of 

fullerene derivatives is ~ 1.8 eV, fullerene derivatives are the most studied 

materials as electron acceptors for organic-based solar cells.50 

 

1.2.1.4  Polymer 

The synthesis of conjugated polymers is a revolutionary approach in the 

development of organic-based electronics. Various synthetic methods, chemical 

doping strategies, control of molecular weight, and appropriate combinations of 

semiconducting organics have enabled the rational design of light-absorbing 

materials, CEL, and electrode materials. Although semiconducting polymers play a 

decisive role in organic devices, amine-based aliphatic polymers can be used to 

reduce the work function of electrodes that have the advantage of being stable to 

light and heat, unlike conventional conjugated polymers.51 

 

1.2.2 State-of-the-Art Applications of 2p-Atom-Based 

Materials to Organic and Perovskite Solar Cells 

Research into the application of CNT and graphene transparent conductive 

films (TCFs) as TCEs has been widely conducted. Since their work function is 

about 4.4~4.7 eV,52,53 an additional interfacial layer is required. Adopting inorganic, 

organic, and GO have been suggested to compensate for this issue54-56 and the 

physical properties of nanocarbon TCFs are also suitable for use of the uppermost 
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electrode. For application as the TE, direct transfer and lamination using 

conductive glue are suggested.44,57 Consequently, there are reports of PSC and 

PeSC in which all electrodes have been replaced with carbon materials.55,58-60 

In the case of polymer solar cells, as well as research on the polymer donor 

and non-fullerene acceptor mentioned above, a ternary structure that contains three 

materials in one photoactive layer is introduced to overcome the limitation of the 

general binary solar cell.61 At this time, 2p-atom-based materials such as CNT, 

graphene derivatives, and graphitic carbon nitride are used as ternary components 

because of their unique properties such as high conductivity, PL characteristics, and 

tunable energy levels.62-65 2p-atom-based materials promote monolithic growth of 

the perovskite layer when mixed with precursors.66-68 

Since the charge transport layer aims to efficiently collect the charges 

generated in the light-absorbing layer, a rational design of the energy level is 

essential. Compared to oxide materials, polymers are widely used because they can 

effectively control energy levels even with simple changes in the chemical 

structure.69 A nanocarbon-polymer hybrid has been reported to compensate for the 

low electrical conductivity of polymers.70 

Research on the graphene-based gas barriers is largely divided into the 

application of graphene synthesized by the CVD process and the study of the 

solution-processed rGO film. In the case of the CVD-processed graphene, the 

barrier performance is improved by controlling the surface coverage and forming a 

multilayer structure.71-72 Optimization of the reduction conditions and selection the 
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graphite precursor for the rGO-based films were reported.73-74 A summary of the 

state-of-the-art studies is presented in Figure 1-15. 
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Figure 1-15. State-of-the-art studies on 2p-atom-based materials for applications to 

PSC and PeSC. (a) Characteristics and image of all-graphene-electrode PSC, (b) 

structure of all-carbon-electrode PeSC, (c) scheme on graphene quantum dot-

incorporated ternary PSC, (d) work function modulation of various electrodes 

covered with PEIE, (e) improved crystallinity of perovskite layer induced by CNT, 

and (f) proposed encapsulating methods using rGO films.74 
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1.2.3 Limitations of Current Research 

The applications of 2p-atom-based materials to PSCs and PeSCs reported to 

date focuses on the partial replacement of device components. Many studies have 

designed a better light-absorbing layer or improved properties by replacing existing 

materials, but there is a lack of quantitative analysis in how the improved 

parameters affect the performance of the device. As the performance of solar cells 

is related to various parameters, the contribution of each component must be 

closely understood, but there is no in-depth study on this issue. In addition, 

although the importance of the electrode layout in solar cells has been 

emphasized,75 studies on this issue based on the 2p-atom-based electrodes are 

insufficient. 
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1.3 Aim and Scope of this Research 

1.3.1 Calculation and Realization of High-Efficiency 2p-

Atom-Based Photovoltaics 

1.3.1.1  Analysis of Theoretical Maximum Efficiency of 

Photovoltaic Devices based on the Photodiode Model 

In order to fabricate highly efficient solar cells, it is necessary to 

quantitatively identify the correlation between the physical properties of each 

component and the performance parameters of the solar cell. The electrical and 

optical properties of the material and the architecture of the device are considered 

variables. In this study, photodiode modeling is introduced to analyze the current-

voltage characteristics of solar cells. Based on the correlation, the performance 

parameters of the solar cell expected when selecting a suitable material are 

analyzed and the expected values are summarized. 

 

1.3.1.2  Assessment of Nanocarbon-Based Electrodes for 2p-

Atom-Based Solar Cells 

PSCs and PeSCs are fabricated and evaluated by using representative films 

selected in the performance prediction. GO is introduced to the CNT electrode 

surface to improve electrical conductivity and reduce the roughness of the 

electrode. When comparing the predicted and measured current density-voltage 
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curves, the performance of photovoltaic devices adopting the GO-coated electrode 

is closer to the theoretical value. Comparing the theoretically predicted series 

resistance (RS) of the solar cells with that of the manufactured solar cells, the 

nonideality induced by the electrode and CEL is effectively suppressed. As a result 

of using the DWCNT electrode with better electrical conductivity, the PCE of the 

solar cell is further improved and their performance is superior to the previously 

reported all-carbon-electrode PSC and PeSC. 

 

1.3.1.3  Improved Light Absorption and Favorable 

Nanostructure of Polymer:Fullerene Layer by 

Introducing Graphene Quantum Dots 

The difference between the measured and expected performance of PSCs 

with electrodes using 2p-atom-based materials is found to be large. Consequently, 

the effective photon absorption and improved charge mobility are essential in order 

to close the gap. To this end, a small amount of graphene quantum dots is added to 

the polymer-fullerene light-absorbing layer to improve the device performance and 

nitrogen doping is performed to control the nature of graphene quantum dots 

(GQDs). The intensity of long-range energy transfer from GQD to polymer and 

fullerene is enhanced by using highly fluorescent GQD. The change of 

nanostructure in the polymer/fullerene/GQD light-absorbing layer is confirmed by 

X-ray analysis and analyzed. As a result of the PSC fabrication, the PCE of the 
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solar cell is improved, which is confirmed by the improved light-harvesting ability 

and charge mobility. As a result of solar cell fabrication with a 2p-atom-based 

electrode using a modified ternary blend, reduced RS induced by the optimized 

photoactive layer is confirmed. 

 

1.3.2 Optimization of Solution-Processed Graphene-Based 

Gas Barriers for Improving Lifetime of Solar Cells 

1.3.2.1  Impact of Physicochemical Nature of Reduced 

Graphene Oxide on the Gas Permeation of Thin-Film 

Barriers 

In order to suppress gas permeation through the graphene film, the surface 

must be completely covered with graphene sheets. To obtain this structure, large-

size graphene without voids should be prepared. Various GOs are synthesized by 

controlling the oxidative conditions using large size graphite to optimize the unit 

rGO sheet. The low-temperature annealed rGO with the controlled heating rate is 

obtained and their characteristics including lateral size, defects, and chemical 

compositions are analyzed. Gas barriers are fabricated using rGO with different 

properties and the moisture permeability is analyzed. A decreasing trend of PCE for 

the PSCs is consistent with the moisture permeability tendency of rGO barriers. 
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1.3.2.2  Fabrication of Reduced Graphene Oxide-Coated Gas 

Barriers by Adjusting Stacking Nature for Long-Term 

Stability of Solar Cells 

Because of the extremely large aspect ratio, rGO sheets in the laminate 

exhibit a face-on orientation. Within this structure, a compact stacking of rGO is 

essential. To achieve the desired laminate structure, the rGO films are fabricated 

using phase-controlled GO dispersion via the spraying process. The rGO films 

prepared from isotropic-phase GO dispersion show less gas permeability compared 

to that prepared from nematic-phase GO dispersion. When the stacking-controlled 

rGO film is applied as an encapsulation barrier, the lifetime of PSC and PeSC is 

remarkably improved. 
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PART II. Fabrication of Polymer and Perovskite 

Solar Cells Employing 2p-Atom-Based Materials 
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Chapter 2. Photovoltaic Performance Calculation of Solar 

Cells Using 2p-Atom-Based Materials 

 

2.1 Introduction 

Appropriate modeling is needed to estimate the performance of solar cells 

using 2p-atom-based materials. The detailed balance limit was calculated by 

Shockley and Queisser to predict the maximum efficiency of solar cells.1 However, 

this method assumes that the absorbance of the transparent electrode is nearly 0%, 

the light-absorbing layer is extremely ideal, and non-radiative recombination is 

absent. Thus, it is difficult to apply the Shockley-Queisser limit to practical solar 

cells. Therefore, a more practical model is needed. 

Because solar cells have the photodiode characteristics, the relation between 

current density (J) and voltage (V) based on the equivalent photodiode circuit 

(Figure 2-1) is as follows. 

  (2-1) 

where J0 is the dark saturation current density, q is the unit charge, RS is the 

series resistance, n is the ideality factor, k is the Boltzmann’s constant, T is the 

temperature, Rsh is shunt resistance, and Jph is the photocurrent density.2 If the 

open-circuit voltage (VOC) is approximated from Equation 2-1, the following 

relationship holds.3 
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 (2-2) 

Factors affecting the performance of the solar cell in Equation 2-1 are Jph, J0, 

RS, Rsh, and n. The material and structural parameters of electrode/charge 

extracting layer (CEL) and photoactive layer (PAL) that influence the main 

parameters of the solar cell are summarized in Figure 2-2 and Figure 2-3, 

respectively. Among them, the factors directly affecting material and structural 

parameters are Jph, J0, and RS while Rsh and n are more affected by the device's 

nonideality. In this study, 2p-atom-based materials are used as electrode and CEL, 

so the impact on Jph and RS as variables are investigated. J-V curves of the solar 

cells were predicted using the optical and electrical properties of the materials used 

in the devices. Photocurrents of the polymer solar cells (PSCs) and perovskite solar 

cells (PeSCs) were obtained from the optical modeling based on the transfer matrix 

method4 while the calculation of Rs
 was derived from the resistive power loss 

density of the devices.2 
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Figure 2-1. Equivalent circuit model of a photodiode. 

 

 
Figure 2-2. Relationships among material/structural parameters of electrode and 

CEL and photovoltaic parameters. 
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Figure 2-3. Relationships among material/structural parameters of photoactive 

material and photovoltaic parameters. 
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2.2 Results and Discussion 

Carbon nanotubes (CNT) were introduced as a component of the transparent 

conductive electrode (TCE) and top electrode (TE) materials to replace indium tin 

oxide (ITO), Ag, and Au, which are the existing electrode materials. Numerous 

CELs have been studied to match the WF of electrodes with the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

levels of a light absorber.5-7 In addition, I considered whether or not the CEL can be 

applied in low-temperature solution processing. Poly(ethylenimine) (PEI) was used 

as an electron extracting layer (EEL) material. Poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) and 2,2’,7,7’-tetrakis(N,N-di-p-

methoxyphenylamino)-9,9-spirobifluorene (Spiro-OMeTAD) were used as hole 

extracting layer (HEL) materials. As PAL materials, a mixture of poly[4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) 

and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) was applied to PSC and 

methylammonium lead iodide (CH3NH3PbI3; MAPbI3) to PeSC. The materials 

constituting the solar cell to be analyzed in this study are summarized in Table 2-1. 

The detailed laminated structures are depicted in Figure 2-4. 
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Table 2-1. Materials used to predict power conversion efficiency (PCE). 

 TCE EEL PAL HEL TE 
Conventional 
device ITO ZnO, C60 PTB7-

Th:PC71BM, 
CH3NH3PbI3 

(MAPbI3) 

MoO3, 
Spiro-OMeTAD Ag, Au 

2p-atom-
based device CNT PEI PEDOT:PSS, 

Spiro-OMeTAD CNT 

 

 
Figure 2-4. The device structures of PSCs and PeSCs in this study. 
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Because Jph and short-circuit current density (JSC) are closely related and do 

not differ much from the calculation results, the discussion will be described from 

the perspective of JSC. The maximum JSC of the solar cells was calculated by the 

optical transfer matrix method assuming that the internal quantum efficiency (IQE) 

is 100%.4,8 The refractive indices of the materials used in the calculations are 

summarized in Figure 2-5. In this calculation, only the optical effects are 

considered while the electrical characteristics of the components are not considered 

at all. For both PSC and PeSC, the thickness of CNT-based TE and CELs had no 

effect on JSC of the device (Figure 2-6), but the thickness of the SWCNT-based 

TCE was closely related to JSC (Figure 2-7). This observation was attributed to the 

direction of illumination passing through the TCE. It should be noted that the Jsc of 

PSC and PeSC with CNT-based TE was lower than devices using metal electrodes 

due to the absence of the light reflected by the Ag or Au electrode. This difference 

was especially pronounced in PSCs due to the relatively thin PAL thickness. 
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Figure 2-5. The (a) real and (b) imaginary refractive indices of materials. 

 

 
Figure 2-6. Calculated JSCs of the 2p-atom-based (a-c) PSCs as a function of (a) 

PEI, (b) PEDOT:PSS, and (c) TE layer. The fixed thicknesses for each calculation 

are 19 nm for TCE, 10 nm for PEI, 145 nm for PTB7-Th:PC71BM, 100 nm for 

PEDOT:PSS, and 128 nm for TE. Calculated JSCs of the 2p-atom-based (d-g) 

PeSCs as a function of (d) PEI, (e) Spiro-OMeTAD, (f) PEDOT:PSS, and (g) TE 

layer. The fixed thicknesses for each calculation are 19 nm for TCE, 10 nm for PEI, 

450 nm for MAPbI3, 150 nm for Spiro-OMeTAD, 100 nm for PEDOT:PSS, and 

128 nm for TE. 
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Figure 2-7. (a-b) Calculated JSC of PSCs as a function of (a) the CNT-based TCE 

and (b) PAL thickness when assuming IQE = 100%. (c-d) Calculated JSC of PeSCs 

as a function of (c) the CNT-based TCE and (d) PAL thickness when assuming IQE 

= 100%. JSCs of ITO-based devices were also indicated for comparison. 
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2p-atom-based electrodes have lower electrical conductivity compared to 

ITO and metal electrodes, which increase series resistance and reduces the 

photovoltaic performance of devices. Therefore, optimizing the geometry of the 

2p-atom-based electrode while maintaining excellent optical and electrical 

properties is important to achieve comparable photovoltaic performance to that of 

reference devices. The electrical resistance of a material can affect the thermal-

dissipation energy-loss density of the PSC and PeSC. The device layout used in 

this study is shown in Figure 2-8 and the contact electrode (CE) was deposited to 

contact the TE for measurements. The total resistive power loss density (PR) is 

summarized as the sum of the following factors: 

 (2-3) 

where PTCE, PEEL, PPAL, PHEL, PTE, and Pcontact are the resistive power loss 

densities of the TCE, EEL, PAL, HEL, TE, and CE, respectively. Pnonideal refers to 

the nonideality of the device such as interface junction resistance, defects in the 

perovskite layer, and more. The effect of CE on PR is negligible when the contact 

electrode is made of a material with very low sheet resistance (<1 Ω sq-1). 

Furthermore, PR directly affects the series resistance of the device. Equation 2-3 is 

expressed as follows when considering the device geometry: 

 (2-4) 
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where Jmax is the current density at the maximum power point while LTCE,1 

and LTE,1 are the widths of the active area defined in the electron and hole flow 

directions, respectively. Moreover, LTCE,2 and LTE,2 are the distances from the cell 

outer boundary to the current collector defined in the direction of electron and hole 

flows, respectively. Rsheet is the sheet resistance, t is the layer thickness, and ρ is the 

electrical resistivity.2,9,10 Therefore, the correlation between RS and structural 

parameters is as follows: 

 (2-5) 

When the conductivity and electrode layout are grouped together (called 

(RS)electrode), the equation is summarized as 

  (2-6) 

where (RS)nonideal has additional resistance by nonideal factors mentioned 

above and (RS)CEL is the sum of the EEL and HEL resistance. Since Equation 2-5 

includes not only the impacts of the sheet resistance but also the effects of 

geometrical parameters, it is suitable for comparing devices with different layouts. 
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Figure 2-8. The layout of the PSC and PeSC to analyze the contribution of layers 

to the total power loss density. 
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The layout effect of the electrode on the RS has been identified by comparing 

a reference device (ITO-metal) and a device with all-2p-atom-based electrodes. 

The changes in (RS)electrode as a function of lengths associated with the active area 

(LTCE,1 and LTE,1) and lengths related to the steady-state charge transport through 

electrodes (LTCE,2 and LTE,2) are summarized in Figure 2-9. As confirmed in Figure 

2-9a and 2-9c, longer LTCE,1 and LTE,1 led to larger (RS)electrode, which corresponds to 

results from previous studies where the fill factor (FF) and RS of solar cells 

decrease as the active area increases.2,11,12 When using CNT-based electrodes with 

higher sheet resistance than ITO and metal, the RS of the TE & TCE-replaced solar 

cell was more than 10 times larger than that of the reference under the same 

electrode layouts. Based on these calculations, the optimization of the electrode 

layout is very important for improving the photovoltaic performance of solar cells 

using CNT-based electrodes. To maximize efficiency in the limited substrate size, 

LTCE,2 and LTE,2 reductions should also be considered as demonstrated in Figure 2-

9b and 2-9d. Moreover, installing a low-resistance CE (see Figure 2-9d) can reduce 

the lengths of LTCE,2 and LTE,2. 
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Figure 2-9. Contour plots showing the (RS)electrode depending on the electrode 

layouts of (a-b) reference and (c-d) TE & TCE-replaced solar cells. Rsheet for the 

calculation are 12 Ω sq-1 for ITO, 0.8 Ω sq-1 for metal, 134 Ω sq-1 for SWCNT/GO 

as TCE, and 31 Ω sq-1 for SWCNT/GO as TE. LTCE,1= 3.5 mm and LTE,1= 2 mm for 

Figure 2-9b and 2-9d and LTCE,2= 1.5 mm and LTE,2= 2 mm for Figure 2-9a and 2-

9c. 
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When the layout was fixed, changes in (RS)electrode according to the material 

parameter were confirmed. The (RS)electrode is expressed based on the thickness and 

electrical conductivity of the electrode as follows. 

 (2-7) 

where σ is the electrical conductivity of electrodes. Figure 2-10 summarizes 

the calculated (RS)electrode based on the representative TCE and TE thicknesses. It 

was confirmed that the higher the electrical conductivity, the smaller the 

contribution to (RS)electrode. 
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Figure 2-10. (RS)electrode as a function of electrical conductivity of CNT electrodes. 

Layout parameters are LTCE,1= 3.5 mm, LTE,1= 2 mm, LTCE,2= 1.5 mm, and LTE,2= 2 

mm. 
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The contribution of series resistance by PAL was confirmed. The thickness 

of PAL and charge mobility in PAL were variables and their relationship is as 

follows. 

 (2-8) 

where μe and μh are the electron and hole mobilities of materials, respectively, and 

n is the average charge carrier density (~ 1017 cm-3). The charge mobility in the 

polymer-fullerene light-absorbing layer was in the range of 10-5 to 10-3 cm2 V-1 s-1, 

thus (RS)PAL was formed at the level of 0.5 to 10 Ω cm2 (Figure 2-11a to 2-11c). 

Assuming the mobility of single-crystalline MAPbI3 (> 100 cm2 V-1 s-1), ρPAL was 

estimated to be 3~6 Ω cm. The resistivity contribution of the 500 nm thick 

perovskite film was ~10-4 Ω cm2, which is negligible under ideal conditions (Figure 

2-11d to 2-11f).13-15 If a nonideality factor occurs in fabricated PeSCs, this is likely 

due to defect generation in polycrystalline MAPbI3. 

Calculations were performed for various combinations of EEL and HEL to 

identify the change in (RS)CEL due to the type and thickness of CEL. When CNT-

based TE was used for PeSC, bilayer HEL was used. Furthermore, J-V curves of 

CEL materials were monitored using ITO/CEL/metal devices (Figure 2-12). The 

resistivity of the CEL material was derived by subtracting the resistance of the 

ITO/metal device from that of the ITO/CEL/metal device. Interestingly, PEI 

exhibits an insulating nature due to its chemical structure (in-plane conductivity < 

10-10 S cm-1),16 but was found to have remarkable conductance in the ITO/PEI/Ag 

device. This result corresponds to a previous finding that the coated PEI acts as a 
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surface modifier rather than as a charge transport material in electron collection.17 

Thus, for devices using PEI, the REEL was regarded as a contact resistance induced 

by PEI, not the resistance of the PEI itself. The results of calculating the resistance 

contribution of the CEL used in this work are summarized in Table 2-2. Since 

PEDOT:PSS has relatively high conductivity, only the effect of Spiro-OMeTAD 

was confirmed. The effects of CEL are summarized in Figure 2-13. 
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Figure 2-11. Contour plots plotting the (RS)PAL depending on the charge mobility of 

light absorber. The thicknesses of the polymer:fullerene layer were fixed at (a) 100 

nm, (b) 145 nm, and (c) 200 nm while and the thicknesses of the MAPbI3 layer 

were fixed at (d) 300 nm, (e) 450 nm and (f) 500 nm. 

 
Figure 2-12. J-V curves of ITO/CEL/metal devices for calculating vertical 

conductivity CEL layers. 
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Table 2-2. The resistivity of CEL RS. 

Material Resistivity in the out-of-plane direction (Ω cm) Reference 
ZnO 1.8 105  
C60 1.0 103 18 

PEI 4.1 105  
MoO3 5.0 102 19 

PEDOT:PSS 9.2 103  
Spiro-OMeTAD 4.6 104  

 

 
Figure 2-13. Contour plots plotting the (RS)CEL depending on the thickness of 

CELs that were used in (a-b) PeSC and (c-f) PSC. Star-shaped symbols refer to the 

thickness conditions when used in typical reference solar cells. 
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Based on the data calculated above, JSC and RS of assembled devices were 

finally derived. For the prediction of J-V curves, Rsh and J0 were fixed based on the 

values measured in the reference where the ideality factor was fixed at 1. Data on 

the electrode layouts of PSC and PeSC are summarized in Table 2-3 and 2-4, 

respectively. Table 2-5 and 2-6 summarize the calculated solar cell parameters for 

PSC and PeSC, respectively. Figure 2-14 summarizes the predicted J-V curves of 

the devices with the reference and 2p-atom-based electrodes. PCE of PSC using 

2p-atom-based electrodes approaches 5.9% while that of PeSC with 2p-atom-based 

electrodes reaches 15.6%. 
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Table 2-3. Information on the electrode layout of PSC in this work. 

Device LTCE,1 
(cm) 

LTCE,2 
(cm) 

LTE,1 
(cm) 

LTE,2 (cm) Lcontact 
(cm) 

Reference 0.35 0.4 0.2 0.45 0 
TE-replaced solar cells 0.35 0.4 0.2 0.45 0.3 
TCE-replaced solar cells 0.2 0.25 0.35 0.4 0 
TE&TCE-replaced solar cells 0.35 0.15 0.2 0.2 0.2 

 

Table 2-4. Information on the electrode layout of PeSC in this work. 

Device LTCE,1 
(cm) 

LTCE,2 
(cm) 

LTE,1 
(cm) 

LTE,2 (cm) Lcontact 
(cm) 

Reference 0.35 0.5 0.35 0.4 0 
TE-replaced solar cells 0.35 0.5 0.2 0.3 0.3 
TCE-replaced solar cells 0.2 0.25 0.35 0.4 0 
TE&TCE-replaced solar cells 0.35 0.15 0.2 0.2 0.2 
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Table 2-5. Expected photovoltaic performance of PSC based on optical modeling 

and RS calculation. Fixed parameters: Rsh = 1000 Ω cm2, J0 = 5 10-13 mA cm-2, and 

n = 1. 

Device σ of 
CNT 
(S/m) 

JSC 
(mA cm

-2
) 

(RS)electrode 

(Ω cm
2
) 

(RS)CEL 

(Ω cm
2
) 

RS 
(Ω cm

2
) 

FF 
(%) 

VOC 
(V) 

PCE 
(%) 

Reference 
(ITO-Ag) - 18.1 2.2 0.6 5.5 72 0.8 10.4 

TE-replaced 
PSC 
(ITO-128 nm 
SWCNT) 

2 10
5
 13.2 5.3 0.6 8.1 70 0.8 7.4 

TCE-replaced 
PSC 
(19 nm 
SWCNT-Ag) 

2 10
5
 15.4 14.9 0.4 18.1 56 0.8 6.9 

TCE-replaced 
PSC 
(29 nm 
SWCNT-Ag) 

2 10
5
 14.1 9.0 0.4 12.2 65 0.8 7.3 

TCE-replaced 
PSC 
(42 nm 
SWCNT-Ag) 

2 10
5
 12.6 6.2 0.4 9.4 70 0.8 7.0 

TE & TCE-
replaced PeSC 
(29 nm 
SWCNT-128 
nm SWCNT) 

2 10
5
 9.9 14.7 0.5 17.9 61 0.8 4.9 

TE & TCE-
replaced PeSC 
(20 nm 
SWCNT-20 
nm SWCNT) 

9 10
5
 11.4 11.0 0.5 14.3 65 0.8 5.9 
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Table 2-6. Expected photovoltaic performance of PeSC based on optical modeling 

and RS calculation. Fixed parameters: Rsh = 3000 Ω cm2, J0 = 3 10-17 mA cm-2, and 

n = 1. 

Device σ of 
CNT 
(S/m) 

JSC 
(mA cm

-2
) 

(RS)electrode 

(Ω cm
2
) 

(RS)CEL 

(Ω cm
2
) 

RS 
(Ω cm

2
) 

FF 
(%) 

VOC 
(V) 

PCE 
(%) 

Referfence 
(ITO-Au) - 23.2 2.7 0.7 3.4 83 1.05 20.2 

TE-replaced 
PeSC 
(ITO-128 nm 
SWCNT) 

2 10
5
 22.5 5.3 0.8 6.1 75 1.05 17.8 

TCE-replaced 
PeSC 
(19 nm 
SWCNT-Au) 

2 10
5
 20.6 14.9 1.1 16.0 62 1.05 13.3 

TCE-replaced 
PeSC 
(29 nm 
SWCNT-Au) 

2 10
5
 18.7 9.0 1.1 10.1 73 1.05 14.3 

TCE-replaced 
PeSC 
(42 nm 
SWCNT-Au) 

2 10
5
 16.7 6.2 1.1 7.3 76 1.05 13.3 

TE & TCE-
replaced PeSC 
(29 nm 
SWCNT-128 
nm SWCNT) 

2 10
5
 18.1 14.7 1.2 15.8 64 1.05 12.2 

TE & TCE-
replaced PeSC 
(20 nm 
SWCNT-128 
nm SWCNT) 

9 10
5
 20.3 7.9 1.2 9.1 73 1.05 15.6 
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Figure 2-14. Predicted J-V curves of (a) PSCs and (b) PeSCs employing different 

electrodes. Asterisks indicate the utilization of high-performance SWCNT 

electrodes. 
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2.3 Conclusion 

This study deals with the performance prediction of solar cells using various 

2p-atom-based materials. Calculations of RS associated with resistive power loss 

and JSC through optical modeling were performed. The transmittance and 

reflectivity of the electrode material influenced the JSC and the devices using 2p-

atom-based TE showed relatively low JSC. The electrical conductivity and electrode 

layout had the greatest effects on RS. The layout effect was more significant when 

the high-resistance electrodes were used. The J-V curves and PCE of the solar cells 

were predicted based on the calculated values. 
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Chapter 3. Assessment of Photovoltaic Performance of Solar 

Cells Based on 2p-Atom-Based Electrodes 

 

3.1 Introduction 

In Chapter 2, the material and structural parameters affecting the series 

resistance (RS) and short-circuit current density (JSC) of the solar cell were analyzed. 

Based on this calculation, it is necessary to fabricate solar cells with 2p-atom-based 

electrodes and evaluate their photovoltaic performance. When manufacturing a 

device, problems such as material defects, energy level mismatches, surface 

roughness, and low electrical conductivity of components induce nonideality, 

which must be reduced for the expected device performance. 

In this study, carbon nanotube (CNT) and graphene oxide (GO) were 

selected as 2p-atom-based materials for electrodes. GO was coated on CNT films 

to reduce the roughness of the electrode surface. The properties of the electrodes 

were controlled by simple surface treatment and additional coating of the charge 

extracting layer (CEL). An optimization of 2p-atom-based electrodes enabled the 

realization of high-efficiency polymer solar cells (PSCs) and perovskite solar cells 

(PeSCs). The performance of the solar cell predicted in the previous chapter was 

compared to that of the fabricated solar cell. Finally, PSC and PeSC with highly 

conductive double-walled CNT (DWCNT)-based electrodes were fabricated. 
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3.2 Experimental 

Materials: single-walled CNTs (SWCNTs) (outer diameter < 2 nm, purity > 

95 wt%, initial length: 5–30 μm) were purchased from Chengdu Organic 

Chemicals. HCl (35 wt%), HNO3 (67 wt%), methanol, ethanol, acetone, and 

isopropyl alcohol (IPA) were purchased from Daejung. C60 was purchased from 

Nano-C. [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) was purchased 

from 1-Material. PbI2 was purchased from Alfa Aesar. CH3NH3I (MAI) was 

purchased from Greatcellsolar. (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamino)-

9,9-spirobifluorene) (Spiro-OMeTAD) was purchased from Luminescence 

Technology. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT:PSS, Al 4083) was purchased from Heraeus. Other chemicals were 

purchased from Aldrich. GO was synthesized according to the previously reported 

method.1 All materials were used without further purification. 

Fabrication of carbon nanotube-based films: Solution-processed SWCNT 

films were fabricated by the filtration-transfer method. SWCNT aqueous dispersion 

(0.1 mg mL-1) with the aid of sodium dodecyl sulfate (SDS) (0.5 wt%) was used for 

film fabrication.2 During the filtration step, excess water was poured to remove 

SDS in the SWCNT films. Filtered SWCNT films on anodic aluminum oxide 

membrane filter (pore size: 200 nm, diameter: 47 mm, Whatman) were carefully 

inserted in the deionized (DI) water bath to naturally separate the networks from 

the filter. The floating SWCNT films were then transferred onto the desired 

substrate. Finally, the films were immersed in HNO3 for 30 min to remove residual 
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surfactant before being rinsed with water. 

DWCNTs were synthesized by a floating catalyst method, using ferrocene, 

thiophene, and methane as a catalyst precursor, promoter, and carbon source, 

respectively, at 1200 .3 DWCNT films were collected on at outlet of the thermal 

furnace from a continuous stream of CNT aerogel with the aid of a 

polytetrafluoroethylene-based holder. DWCNT networks on the holder were 

transferred to the glass substrate by dropping a few drops of ethanol on the films. 

To eliminate impurities in the DWCNT films, thermal treatment was performed at 

500  for 1 h under air conditions. The annealed DWCNT films were then 

immersed in HCl to remove iron catalysts, which were followed by rinsing with DI 

water. To transfer the DWCNT network to a polymeric substrate, the thermally 

annealed films were released from the glass substrate using the DI water bath and 

placed on polyethylene naphthalate (PEN) films. 

To smooth the surface of CNT films, GO was spin-cast using dispersion in 

methanol/water (2:1 v/v, concentration of GO: 0.5 mg mL-1) on the CNT electrodes 

at 1000 rpm for 60 s, which was then followed by thermal treatment at 80  for 20 

min. 

Fabrication of reference PSCs: The indium tin oxide (ITO)-coated glass was 

washed for 5 min by each solvent in the order of detergent, DI water, acetone, and 

IPA by sonication. Cleaned substrates were followed by UV-Ozone treatment for 

15 min. To coat ZnO layer on ITO glass, the precursor solution (200 mg of zinc 

acetate dehydrate + 56 μL of ethanolamine in 2 mL of 2-methoxyethanol) was 
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spin-cast on the ITO substrates at 4000 rpm for 40 s, followed by thermal annealing 

at 200  for 30 min. After thermal annealing, ZnO-coated ITO glasses were 

transferred to an argon-filled glove box. The PTB7-Th:PC71BM (1:1.5 wt% ratio, 

total concentration of 25 mg mL-1) blend in DCB:DIO (97:3 v/v) were stirred 

overnight. Photoactive blends were spin-cast on top of ZnO-coated substrates at 

1000 rpm for 120 s. The thickness of PTB7-Th:PC71BM was 145 nm. Thermal 

evaporation of MoO3 (10 nm) and Ag (100 nm) was performed in a vacuum under 

10-6 Torr. 

Fabrication of reference PeSCs: The cleaning and surface treatment of the 

substrate proceeded in the same way as for the PSC. C60 (30 nm) was deposited on 

the ITO glass using a thermal evaporator at a vacuum of 4×10-6 Torr or less. The 

MAI and PbI2 were dissolved in a solvent mixed with dimethylformamide and 

dimethyl sulfoxide (9:1 v/v %) in 1.5 M for at least 2 h. The perovskite precursor 

solution was dropped on the C60-deposited ITO glass and spin-cast at 4000 rpm for 

25 s. The ethyl ether was dropped during the spin-coating and was followed by 

annealing at 65  for 1 min and then 100  for 30 min. Subsequently, the spiro-

OMeTAD solution (80 mg of Spiro-OMeTAD, 8.4 μL of 4-tert-butylpyridine, and 

51.6 μL of Li-salt stock solution (Bis(trifluoromethane) sulfonamide lithium salt 

156 mg mL-1 in acetonitrile) in 1 mL of chlorobenzene) was spin-coated on the 

sample at 2500 rpm for 45 s. Finally, a layer of Au with a thickness of 100 nm was 

evaporated at a vacuum of 4×10-6 Torr or less. 

Fabrication of TCE-replaced PSC and PeSCs: To utilized the CNT-based 
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electrodes as TCEs, the poly(ethylenimine) (PEI) solution (concentration: 2 mg 

mL-1, dissolved in 2-methoxyethanol) was spin-coated at a speed of 5000 rpm for 1 

min, followed by annealing at 100  for 15 min. The thickness of the PEI layer 

was 10 nm and the process after the PEI coating was the same as the fabrication 

process of the reference cells. 

Fabrication of TE-replaced devices: The process up to the coating of 

photoactive layer (PAL) and Spiro-OMeTAD (for PeSC only) was identical to the 

reference devices. For reducing LTE,2, aluminum foil was attached to the substrate 

where the contact with TE could occur. The conductive glue was prepared by 

diluting with a 1:2 volumetric ratio of original PEDOT:PSS solution to methyl 

alcohol and adding D-sorbitol with a concentration of 20 mg mL-1. The modified 

solution was spin-cast on the CNT-based films at 1000 rpm and the electrodes were 

annealed at 120  for 10 min. The separated parts (ITO/electron extracting layer 

(EEL)/PAL/Spiro-OMeTAD (for PeSC only) and PEN/CNT/GO (if 

exists)/conductive glue) were laminated at a temperature of 80 . During the 

lamination, a plastic rod was rolled to remove the bubbles inside the devices. 

Devices were heated for 5 min to complete lamination. 

Fabrication of TE & TCE-replaced PeSC: The process up to the coating of 

PAL was identical to the TCE-replaced devices. The coating of Spiro-OMeTAD 

(for PeSC only), attachment of Al foil, and lamination process were the same as the 

manufacturing process of the TE-replaced devices. 

Characterization: Atomic force microscopy (NX-10, Park Systems) was 
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adopted to analyze the roughness of carbon-based films. The sheet resistance was 

measured using a 4 point probe system. The optical transmittance was recorded by 

a UV-visible spectrometer (Cary 5000, Agilent). Ultraviolet photoelectron 

spectroscopy (PHI 5000 VersaProbe, ULVAC PHI) was used to monitor the work 

function (WF) of CNT-based electrodes. Current density (J)-voltage (V) 

characteristics of PSCs and PeSCs were measured using an IV sourcemeter unit 

(Model 2634B, Keithley). The photovoltaic behavior of solar cells was analyzed 

using an I-V sourcemeter unit (Keithley 2634B) under the global AM 1.5 spectrum 

(100 mW cm-2) from a solar simulator (Model 10500, Abet Technologies). The 

active area of the devices for the J-V tests was 0.07 cm2, which is defined by the 

crossing area of TCE and TE. In measuring the performance of the reference cells, 

a mask was used to fix the active area to 0.35×0.2 mm2. The external quantum 

efficiency (EQE) was measured using an amplifier (K3100, McScience) with 

monochromatic light illumination from 320 to 900 nm. 
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3.3 Results and Discussion 

CNT-based films were applied with graphene oxide (GO) to smooth the 

surface and control the electronic structure. The thickness of coated GO was 

approximately 1 nm. By coating the GO layer, the root-mean-square roughness of 

the CNT-based film observed in the atomic force microscopy (AFM) image 

decreased from 9.2 to 2.6 nm, as shown in Figure 3-1a. In addition, GO improved 

electrical conductivity of the CNT films by inducing p-type doping, which is 

attributed to the presence of electron-withdrawing groups contained in the GO 

sheet.4,5 Furthermore, the optical transmittance and sheet resistance of SWCNT and 

SWCNT/GO films were investigated to confirm the doping effect by GO (Figure 3-

1b). The optical transmittance was controlled by varying the thickness of the 

SWCNT film. The following correlation is established between the optical 

transmittance and the sheet resistance to compare different transparent conductive 

thin films: 

 (3-1) 

where σdc is the direct current conductivity and σop is the optical conductivity 

of the thin film. A figure of merit (FoM, σoc/σop) that shows the optoelectrical 

performance of electrodes is derived from Equation 3-1.2,6 The calculated FoM of 

SWCNT/GO films was 12.2, which is larger than that of SWCNT films (9.9). This 

result indicates that the coating of GO improved electrical conductivity of SWCNT 

network. 
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I used PEI for the EEL material and PEDOT:PSS for the hole extracting 

layer (HEL) material. TE was transferred onto a flexible PEN film. Because 

lamination was required to incorporate the TE to the device, D-sorbitol with 

adhesive properties was added.7 The prepared SWCNT-based electrodes showed 

uniform transmittance in the visible region (Figure 3-1c). Ultraviolet photoelectron 

spectroscopy (UPS) was used to analyze the WF of the electrodes (Figure 3-1d). 

The coating of GO resulted in a WF increase due to the p-type doping of the 

SWCNT film. When the CEL was additionally coated on the SWCNT/GO-based 

electrode, the difference in the WF of the CEL-applied SWCNT/GO-based 

electrode and the energy level of light absorbers was reduced. However, there was 

still a gap between the WF of the anode (SWCNT/GO/PEDOT:PSS) and the 

HOMO level of MAPbI3 (5.44 eV), so Spiro-OMeTAD was used to decrease this 

energy level difference.8 
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Figure 3-1. (a) AFM images of SWCNT (top) and SWCNT/GO (bottom) films. (b) 

Plots of optical transmittance at a wavelength of 550 nm over sheet resistance of 

2p-atom-based electrodes. (c) UV-vis transmittance spectra of SWCNT-based 

electrodes covered with a CEL. The transmittance of the glass and PEN is included. 

(d) UPS spectra of SWCNT-based electrodes. 
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Solar cells were fabricated by replacing ITO or metal with CNT-based films 

to evaluate the impact of the CNT-based electrode and the device configuration on 

the performance. J-V curves of TCE or TE-replaced devices were displayed in 

Figure 3-2 and 3-3, respectively. The photovoltaic parameters including JSC, open-

circuit voltage (VOC), fill factor (FF), power conversion efficiency (PCE), and RS of 

the PSCs and PeSCs are summarized in Table 3-1 and 3-2, respectively. A 

representative J-V curve for reference cells using ITO and metal is shown in Figure 

3-4. The thick TCE hindered absorption by PAL due to lower optical transmittance 

of CNT but enabled a more effective collection of generated charges with smaller 

sheet resistance. Due to this trade-off relationship, optimized PCE with medium 

thickness is observed (Figure 3-2). On the other hand, TE-replaced PSC and PeSC 

with thicker CNT films exhibited improved photovoltaic performance (Figure 3-3), 

which was ascribed to the positioning of TE on the backside and low sheet 

resistance of thick CNT electrode. The GO layer was applied onto the CNT-based 

electrode to reduce the nonideality of the devices. The enhancement of 

photovoltaic parameters was attributed to the reduced sheet resistance of CNT-

based electrodes and the improved charge transport at the interface between 

electrode and CEL. The EQE spectra of the PeSCs are presented in Figure 3-5. The 

EQE decreased when the thickness of CNT-based electrode of TCE-replaced solar 

cells increased. The EQE of the TE-replaced PeSC remained almost the same as 

that of the reference device. On the other hand, the EQE of the TE-replaced PSC 

decreased. This result was consistent with the JSC predictions (Figure 2-7). 
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Figure 3-2. Photovoltaic performance of TCE-replaced devices. (a-c) J-V curves of 

(a) 19 nm-SWCNT-based, (b) 29 nm-SWCNT-based, and (c) 42 nm-SWCNT-based 

TCE-replaced PSCs with and without GO layer. (d-f) J-V curves of (d) 19 nm-

SWCNT-based, (e) 29 nm-SWCNT-based, and (f) 42 nm-SWCNT-based TCE-

replaced PeSCs with and without GO layer. Dotted curves represent the predicted 

J-V curves derived in Chapter 2. 
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Figure 3-3. Photovoltaic performance of TE-replaced devices. J-V curves of TE-

replaced (a) PSCs and (b) PeSCs with and without GO layer. Dotted curves 

represent the predicted J-V curves derived in Chapter 2. 

 

 
Figure 3-4. J-V curves of reference (a) PSC and (b) PeSC. 
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Table 3-1. Photovoltaic parameters of PSCs. 

Device TCE-TE JSC 
(mA cm-2) 

VOC 
(V) 

FF 
(%) 

PCE 
(%)a) 

RS 
(Ω cm2) 

Reference ITO-Ag 16.6±0.3 0.79±0.01 61±1 8.0±0.1 
(8.1) 

6.6±1.1 

TE-replaced 
PSC 

ITO-
SWCNT(42 
nm) 

10.7±0.2 0.76±0.01 45±1 3.6±0.1 
(3.8) 

20.2±1.2 

ITO-
SWCNT(42 
nm)/GO 

11.2±0.4 0.77±0.01 48±2 4.2±0.2 
(4.4) 

16.6±0.8 

ITO-
SWCNT(12
8 nm) 

11.3±0.2 0.77±0.01 54±2 4.7±0.2 
(5.0) 

12.4±1.1 

ITO-
SWCNT(12
8 nm)/GO 

11.8±0.3 0.78±0.01 59±1 5.4±0.2 
(5.6) 

10.2±1.3 

TCE-
replaced 
PSC 

SWCNT(19 
nm)-Ag 

13.3 0.3 0.76 0.01 33 1 3.3 0.1 
(3.5) 

31.9 7.7 

SWCNT(19 
nm)/GO-Ag 

14.4 0.2 0.77 0.01 41 2 4.6 0.3 
(4.9) 

21.5 1.9 

SWCNT(29 
nm)-Ag 

12.1 0.3 0.77 0.01 45 1 4.1 0.1 
(4.2) 

17.1 1.3 

SWCNT(29 
nm)/GO-Ag 

12.9 0.1 0.77 0.01 50 2 5.0 0.1 
(5.1) 

14.3 0.9 

SWCNT(42 
nm)-Ag 

11.3 0.2 0.77 0.01 53 1 4.6 0.1 
(4.7) 

14.8 0.8 

SWCNT(42 
nm)/GO-Ag 

11.5 0.1 0.77 0.01 57 1 5.1 0.1 
(5.1) 

10.9 0.4 

a) The values in parentheses indicate the highest PCE. 
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Table 3-2. Photovoltaic parameters of PeSCs. 

Device TCE-TE JSC 
(mA cm-2) 

VOC 
(V) 

FF 
(%) 

PCE 
(%)a) 

RS 
(Ω cm2) 

Reference ITO-Au 21.2±0.4 1.05±0.01 74±3 16.5±0.6 
(17.3) 

4.8±0.6 

TE-
replaced 
PeSC 

ITO-
SWCNT(42 
nm) 

18.4±0.4 1.02±0.01 52±2 9.8±0.5 
(10.4) 

18.8±0.7 

ITO-
SWCNT(42 
nm)/GO 

19.5±0.2 1.02±0.01 57±1 11.4±0.2 
(11.6) 

13.8±0.7 

ITO-
SWCNT(128 
nm) 

19.6±0.4 1.03±0.01 63±1 12.6±0.3 
(12.9) 

10.9±0.7 

ITO-
SWCNT(128 
nm)/GO 

20.6±0.3 1.04±0.01 68±2 14.5±0.4 
(15.0) 

8.0±0.7 

TCE-
replaced 
PeSC 

SWCNT(19 
nm)-Au 

17.9 0.2 1.02 0.02 47 2 8.5 0.5 
(9.0) 

24.8 2.7 

SWCNT(19 
nm)/GO-Au 

18.4 0.1 1.03 0.01 56 2 10.6 0.4 
(11.1) 

18.4 0.7 

SWCNT(29 
nm)-Au 

16.5 0.5 1.02 0.01 56 2 9.5 0.3 
(9.8) 

14.3 0.8 

SWCNT(29 
nm)/GO-Au 

17.3 0.2 1.03 0.01 64 1 11.4 0.3 
(11.7) 

11.9 0.4 

SWCNT(42 
nm)-Au 

14.9 0.2 1.03 0.01 62 1 9.5 0.2 
(9.7) 

11.7 2.0 

SWCNT(42 
nm)/GO-Au 

15.4 0.4 1.02 0.01 65 1 10.3 0.2 
(10.5) 

8.9 0.4 

a) The values in parentheses indicate the highest PCE. 
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Figure 3-5. EQE spectra of (a) PSCs and (b) PeSCs. 
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The devices with CNT-based electrodes with GO exhibited better 

performance, so SWCNT/GO-based electrodes were used for solar cells with all-

2p-atom-based electrodes. The PSCs and PeSCs with all-2p-atom-based electrodes 

were prepared by replacing both ITO and metal with GO-coated CNT films. The 

thickness of CNT used for TCE was 29 nm while the thicknesses of CNT used for 

TE were changed to 42 and 128 nm. The photovoltaic parameters of the solar cells 

are summarized in Table 3-3. The JSC and FF of the PSCs and PeSCs with all-2p-

atom-based electrodes were improved by increasing the thickness of the CNT film 

as TE, which was consistent with the trend in TE-replaced devices (Figure 3-6a and 

3-6b). The highest PCE of the PSC and PeSC with SWCNT(128 nm)/GO as a TE 

was 3.4% and 10.3%, respectively. EQE spectra reflected the effects of the CNT 

film thickness (Figure 3-6c and 3-6d). 
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Table 3-3. Photovoltaic performance of the solar cells with all-2p-atom-based 

electrodes. 

Device PAL JSC 
(mA cm-2) 

VOC (V) FF 
(%) 

PCE 
(%)a 

RS 
(Ω cm2) 

SWCNT(29 
nm)/GO-
SWCNT(128 
nm)/GO 

PTB7-
Th:PC71BM 

8.7 0.1 0.76 0.01 50 1 3.3 0.1 
(3.4) 

18.2 0.7 

MAPbI3 16.3 0.4 1.02 0.01 59 2 9.8 0.5 
(10.3) 

15.3 0.4 

SWCNT(29 
nm)/GO-
SWCNT(42 
nm)/GO 

PTB7-
Th:PC71BM 

7.8 0.2 0.76 0.01 40 3 2.4 0.3 
(2.6) 

21.4 1.1 

MAPbI3 15.7 0.3 1.02 0.01 53 2 8.5 0.4 
(8.9) 

20.7 0.6 

a) The values in parentheses indicate the highest PCE. 

 

 
Figure 3-6. Photovoltaic performance of the solar cells using all-2p-atom-based 

electrodes. (a-b) J-V curves of (a) PSC and (b) PeSC with all-2p-atom-based 

electrodes. (c-d) EQE of the fabricated (c) PSCs and (d) PeSCs. 
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The nonideality of the devices can be verified by comparing the RS derived 

from the J-V curves with the estimated RS that was calculated by Equation 2-5 and 

2-6 using the structural parameters and electrical resistance of the components. The 

calculated and measured RS of the PSC and PeSC with various CNT-based 

electrode is displayed in Figure 3-7a and 3-7b. The x-axis represents RS that was 

attributed to the electrodes and CELs of the PeSC. The contribution of CELs to RS 

((RS)CEL) was calculated using the values in Figure 2-13. The y-axis is the 

measured RS from the J-V curves of the solar cells. As mentioned above, an ideal 

single-crystalline MAPbI3 has a negligible influence on resistance due to its 

excellent charge mobility. On the other hand, charge mobility of PTB7-Th:PC71BM 

is relatively high, thus contribution of polymer:fullerene layer should be considered. 

I added the trend in RS assuming contribution of PAL to RS, (RS)PAL was 2.76 and 0 

to the graph for PTB7-Th:PC71BM and MAPbI3, respectively (black line in Figure 

3-7a and 3-7b). The nonideality of the PSC and PeSC was summarized in Figure 3-

7c and 3-7d, respectively. The nonideality in RS of the reference cell with ITO and 

metal was attributed to an increase of the resistivity and recombination due to 

defects in the PAL.9 The nonideality component in RS ((RS)nonideal) of the devices 

using GO-coated SWCNT electrodes was reduced because of the improved 

conductivity and smoothed surface. The nonideality of the fabricated solar cells 

using all-2p-atom-based electrodes was similar to that of the reference devices. 

This result demonstrates that electrode engineering of the SWCNT/GO-based 

electrode can improve the photovoltaic performance of the PeSCs. 
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Figure 3-7. (a-b) Measured RS and calculated (RS)electrode + (RS)CEL of (a) PSCs and 

(b) PeSCs. The dark line indicates the ideal relation between total RS and 

contribution of individual components to RS assuming (RS)PAL ~ 2.76 for the PSCs 

and 0 for the PeSCs. (c-d) (RS)nonideal of (c) the PSCs and (d) PeSCs derived from 

Equation 2-5 and 2-6. 
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Finally, I fabricated PSC and PeSC by replacing the SWCNT-based electrode 

with DWCNT-based electrodes with more conductivity. The DWCNT-based 

electrode for TCE of both PSC and PeSC and TE of PSC (thickness: 20 nm) 

exhibited optical transmittance of 90 % at 550 nm and sheet resistance of 70 Ω sq-1
. 

The DWCNT-based electrode for TE of PeSC (thickness: 120 nm) exhibited optical 

transmittance of 42 % at the 550 nm and sheet resistance of 8 Ω sq-1. The 

transmittance of the DWCNT-based films is displayed in Figure 3-8. The devices 

were fabricated in the same process as the solar cells with the SWCNT electrode. 

Because the optical transmittance of the DWCNT on a substrate with a 

thickness of 20 nm was over 80% (Figure 3-8), so the PSC was semitransparent. 

Optical transmittance of fabricated PSC with all-2p-atom-based electrodes is 

shown in Figure 3-9a. Furthermore, DWCNT-based PSCs can be illuminated 

through both sides, and JSC of the devices can be enhanced by setting white paper at 

the backside of the devices. Figure 3-9b displays the photovoltaic performance of 

DWCNT-based PSCs and detailed parameters are summarized in Table 3-4. 

Opaque characteristics of the PEN substrate in the UV range caused decreased JSC 

compared to illumination through the cathode side. EQE spectra display the effect 

of light illuminating direction on the performance of PSCs (Figure 3-9c). 
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Figure 3-8. Optical transmittance of DWCNT-based films.  

 

 

Figure 3-9. (a) Optical transmittance of the PSC using DWCNT-based electrodes. 

(b) J-V curves and (c) EQE spectra of PSC based on DWCNT-based electrodes by 

varying illuminating direction with and without mirror. 
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Table 3-4. Photovoltaic performance of PSCs employing DWCNT-based 

electrodes. 

Illuminating 
conditions 

Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

From cathode, 
w/o mirror 

10.19 0.77 53 4.15 

From cathode, 
with mirror 

11.92 0.76 53 4.83 

From anode, 
w/o mirror 

9.33 0.76 53 3.75 

From anode, 
with mirror 

11.31 0.77 52 4.55 
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The DWCNT-based PeSC yielded JSC=19.2 mA cm-2, VOC=1.03 V, and 

FF=65%, resulting in a PCE of 12.8% for reverse scanning conditions and JSC=18.6 

mA cm-2, VOC=1.03 V, and FF=64%, resulting in a PCE of 12.1% for forward 

scanning conditions (Figure 3-10a). For the operating stability test, the JSC and PCE 

were measured at the maximum power point (applied voltage of 0.78 V), resulting 

in the stabilized JSC of 16.0 mA cm-2 and PCE of 12.5% (Figure 3-10b). The EQE 

was measured to investigate the photoreactivity of the device, and the 

corresponding integrated JSC was calculated (Figure 3-10c). The discrepancy 

between JSC measured by the EQE spectrum and the J-V curve was within 5%. The 

EQE of the PeSC with DWCNT/GO-based electrodes was higher than that of the 

PeSC with SWCNT/GO-based electrodes, which was attributed to the higher 

conductivity of electrodes and transmittance of TCE. 

The performance of the solar cell fabricated in this chapter was compared 

with expected values predicted in Chapter 2 (Figure 3-11). PCE of the solar cells 

using MAPbI3 as a light-absorbing layer yielded over 80% compared with the 

calculated value. The PCE of the PSC was less than 70% than the value that I 

expected. To improve the performance, further study on polymer:fullerene blends 

is needed through additional optimization. 
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Figure 3-10. (a) J-V curves of the PeSC using DWCNT/GO-based electrodes. (b) 

Saturated current density and PCE at the maximum power point (applied voltage: 

0.78 V). (c) EQE spectrum and integrated JSC of PeSC employing DWCNT/GO 

TCE and TE. 

 
Figure 3-11. Predicted and measured J-V curves of solar cells using (a-b) SWCNT-

based electrodes and (c-d) DWCNT-based electrodes. PTB7-Th:PC71BM was used 

as PAL for Figure 3-11a and 3-11c, and MAPbI3 was used as PAL for Figure 3-11b 

and 3-11d. 
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3.4 Conclusion 

Experimental verification was performed by fabricating PSC and PeSC using 2p-

atom-based materials for electrodes and CELs. Introducing a GO buffer layer onto 

the CNT electrode effectively suppressed the nonideality occurring at the 

electrode-CEL interfaces. When using DWCNT exhibiting high electrical 

conductivity, fabricated solar cells exhibited excellent PCE. By comparing the 

predicted and measured J-V curves, additional improvements in PCE of PSC using 

2p-atom-based electrodes are needed through PAL optimization. 
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Chapter 4. Preparation of Nitrogen-Doped Graphene 

Quantum Dots for Improved Performance of 

Polymer:Fullerene Solar Cells 

 

4.1 Introduction 

The photovoltaic performance of polymer solar cells (PSCs) with 2p-atom-

based electrodes fabricated in Chapter 3 was less than 70% when compared to the 

predicted results. To improve such low performance, it is necessary to optimize the 

light-absorbing layer. A wide absorption range, facilitated exciton dissociation rate, 

and enhanced charge transport within the photoactive blend are essential to 

improve the performance of PSC.1-4 As a solution, introducing a ternary component 

into the photoactive layer (PAL) has been proposed to enhance the photovoltaic 

performance of PSC.3,5 For a substance to act as the third element, it should 

increase light absorption and maintain the nanostructure of the ternary-system PAL 

in a desirable interdiffused structure. optimization of the PAL improves carrier 

mobility. As a result, the contribution to series resistance (RS) of the PAL is 

reduced and the power conversion efficiency (PCE) is improved Figure 4-1
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Figure 4-1. (a) Changes in (RS)PAL when carrier mobility is improved from 10-4 to 

10-3 cm2 V-1 s-1, and (b) the corresponding predicted performance of PSCs. 
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Graphene quantum dots (GQDs), which have sp2-conjugated carbonaceous 

structure at a size of several nanometers, exhibit unique optical properties and good 

charge mobility.6-9 Previous studies have highlighted improved light absorptivity, 

carrier conductivity, and exciton dissociation rates of GQD-containing organic 

light-absorbing layers by adjusting the functional groups and concentrations in 

PAL of GQD.10,11 However, these works did not provide sufficient insights into the 

location of GQD in the light-absorbing layer, Förster resonance energy transfer 

(FRET) from fluorescent GQD to polymer/fullerene, and the change in crystallinity 

and nanophase separation of photoactive materials. Generally, increased quantum 

yield (QY) and red-shifted photoluminescence (PL) characteristic of GQD can 

enhance the rate of FRET to polymer/fullerene. Yet the location of GQD may make 

it difficult to fully exploit its potential. Furthermore, structural analyses on 

reconstructing the nanostructure of photoactive blends with and without GQD are 

needed to understand carrier dynamics. 

Here, I investigated the influence of GQDs on effective FRET and 

rearrangement of components. GQDs with different nitrogen functionality were 

prepared to control factors affecting FRET and the nanostructure of the photoactive 

blends. Thus, changes in the electronic properties, including bandgap (Eg) and PL 

behavior were confirmed. In this study, a mixture of poly[4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) : 

[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) was selected to confirm the 
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role of GQD. By deriving the surface energy of components, GQDs were mainly 

distributed in the fullerene-rich region. This result implies that FRET from GQD 

only affects fullerene. By analyzing the grazing incidence X-ray scattering patterns 

for GQD-incorporated photoactive films, the crystallinity and phase separation of 

components were studied to show that FRET by GQD and changes in structural 

parameters greatly influenced the charge collection ability of ternary PSC. 
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4.2 Experimental 

Materials: Melamine, cyanuric acid, glucose, 1,2-dichlorobenzene (DCB), 

zinc acetate dihydrate (Zn(CH3COO)2∙2H2O), ethanolamine, 2-methoxyethanol, 

molybdenum oxide (MoO3) and 1,8-diiodooctane (DIO) were purchased from 

Aldrich. Dimethyl sulfoxide (DMSO), nitric acid (HNO3), sulfuric acid (H2SO4), 

sodium carbonate (Na2CO3), acetonitrile, methyl alcohol, ethyl alcohol, acetone 

and isopropyl alcohol (IPA) were purchased from Daejung. PTB7-Th was 

purchased from Solaris Chem. PC71BM was purchased from 1-Material. Graphene 

oxide was synthesized by modified Hummer’s method, as described in the 

literature.12 All chemicals were used without further purification. 

Synthesis of nitrogen-enriched carbons (NCs): Nitrogen-containing 

carbonaceous materials were synthesized through a procedure reported in the 

previous work.13 Melamine and cyanuric acid (mixed with 1:1 wt% ratio) were 

dissolved in DMSO (33.3 g mL-1). After completely mixing for 3 h, the solution 

was filtered and washed with ethanol. The collected melamine cyanurate (MCA) 

was stored in vacuum conditions at 60  overnight for further experiments. For 

carbonization, the dried MCA was mixed with glucose (w/w = 8:1), which was 

then heated at 150  for 1 h and followed by thermal treatment at 800 . At all 

times when the temperature was raised, the heating rate was fixed at 5  min-1. 

The carbonization temperature was fixed for 1 h and all carbonization processes 

were performed under N2 atmosphere. 
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Synthesis of graphene quantum dots: NC (50 mg) was added to an oxidant 

consisting of H2SO4-HNO3 (v/v = 3/1, 50 mL). The mixture was sonicated for 3 h 

in a bath-type sonicator (Branson 3510 ultrasonic cleaner), followed by heat 

treatment at 60  for 24 h under refluxed condition. After oxidation, the sample 

was poured into deionized water (100 mL) surrounded by an ice bath to terminate 

the reaction. The reactant was centrifuged at 12000 rpm for 30 min (Heraeus 

Megafuge 16, 230V), and the precipitate was collected. The powder was re-

dispersed in deionized water and centrifugated twice in order to rinse the acids. To 

synthesize quantum dots, the pH of the dispersion was adjusted to 12 by adding 

Na2CO3. The cutting of the carbon source was performed by a hydrothermal 

reaction. The suspension was transferred to a Teflon-lined autoclave and heated to 

200  for 10 h. Afterward, the product was filtered and the filtrate was collected. 

Finally, dialysis (pore size: 6500 Da) was performed for 5-7 days to extract small-

size nitrogen-doped graphene quantum dots (NGQDs). Nitrogen-free graphene 

quantum dots were also prepared for comparison purposes. Aqueous graphene 

oxide dispersion was sonicated using a horn-type instrument (Sonopuls HD, 20 

kHz) for 6 h and the solution was dialyzed to separate graphene oxide quantum 

dots. A hydrothermal reaction was performed without the use of Na2CO3 which is a 

reduced graphene oxide quantum dot (rGQD).14 The synthesized quantum dots 

were redispersed in a targeted solvent for further analysis and applications. 

Fabrication of solar cells: Indium tin oxide (ITO)-coated glass substrates 

were pre-cleaned through bath sonication sequentially with detergent, deionized 
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water, acetone, and IPA. After completely drying the cleaner, substrates were 

treated with UV-ozone radiation for 15 min. The preparation of the ZnO precursor 

was described elsewhere.15 The precursor solution was spin-cast on the ITO 

substrates at 4000 rpm, which was then followed by thermal annealing at 200  

for 30 min. After thermal annealing, ZnO-coated substrates were transferred to an 

argon-filled glove box. The PTB7-Th:PC71BM (1:1.5 wt% ratio, total concentration 

of 25 mg mL-1) blend in DCB:DIO (97:3 v/v) were stirred overnight, followed by 

the addition of GQD solutions at a ratio of 0.1 wt% to the polymer and filtering, 

respectively. Photoactive blends were spin-cast on top of ZnO-coated substrates at 

1000 rpm. The thickness of the PAL was 145 nm. Thermal evaporation of MoO3 

(10 nm) and Ag (100 nm) was performed in a vacuum under 10-6 Torr. The active 

area of the devices was 0.05 ~ 0.08 cm2, which was defined by the crossing area of 

ITO cathode and Ag anode. Fabrication of NGQD-incorporated PSCs using 2p-

atom-based electrodes was identical to the method proposed in Chapter 3, except 

for blend preparation. 

Characterization: The size and thickness of GQDs were calculated by 

analyzing images obtained from the transmission electron microscopy (TEM; 

JEOL JEM-2100F) and atomic force microscopy (AFM; Park Systems NX-10), 

respectively. The X-ray diffraction (XRD; Bruker D8 Advance) profiles for GQDs 

were recorded using CuKα radiation (λ = 0.154184 nm). An analysis of the defect 

nature of GQDs was conducted by Raman spectroscopy (Nanophoton Ramanplus), 

using the laser with a wavelength of 532 nm. Fourier transform infrared 
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spectroscopy (FT-IR; Thermo Scientific Nicolet iS10) was adopted to analyze the 

type of functional groups in the samples. The detailed chemical nature of graphene 

derivatives was characterized by X-ray photoelectron spectroscopy (XPS; Kratos 

AXIS-HSi). The optical characteristics were recorded using a UV-vis-NIR 

spectrometer (Varian Cary 5000 for absorbance test and JASCO V-770 for 

reflectance test). The PL of quantum dots in aqueous solution was analyzed using a 

fluorescence spectrometer (Scinco FluoroMate FS-2). The PL of photoactive films 

was monitored for providing evidence of FRET (PicoQuant FlouTime 300). 

Grazing-incidence X-ray wide and small-angle scattering measurements (GIWAXS 

& GISAXS) were performed using Xeuss 2.0 equipment. Scattering patterns were 

taken at an incidence angle of 0.2˚ and recorded on a 2-D detector. The sample-

detector distance was 139 mm for WAXS and 2325 mm for SAXS where the 

exposure time for each sample for data acquisition was 300 s. 

 The photovoltaic behavior of solar cells was analyzed using an I-V 

sourcemeter unit (Keithley 2634B) under the global AM 1.5 spectrum (100 mW 

cm-2) from a solar simulator (Abet Technologies model 10500). External quantum 

efficiency (EQE) of devices was measured using an amplifier (K3100, McScience) 

with the illumination of monochromatic light. Hole-only and electron-only devices 

were fabricated to measure the charge mobility of light-absorbing layers. The 

short-circuit current densities (JSCs) assume that 100% of internal quantum 

efficiency (IQE) were derived from the simulation of optical properties based on 

the transfer matrix formalism. The hole-only devices and the electron-only devices 
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had a structure of ITO/PEDOT:PSS (40 nm)/PAL/Au (60 nm), and ITO/ZnO (30 

nm)/PAL/Al (100 nm), respectively. 
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4.3 Results and Discussion 

TEM images (Figure 4-2a to 4-2f) were observed to confirm the size and 

crystallinity of GQDs, which showed that the average size of synthesized GQDs 

was about 4 nm, and the size distribution (Figure 4-2g to 4-2i) was uniform 

regardless of the type. Through the high-magnification images and hexagonal spots 

in the fast Fourier transform patterns of GQDs (Figure 4-2d to 4-2f), I confirmed 

that all materials had a crystalline hexagonal structure. The thickness of GQDs was 

found to be 0.35 ~ 1 nm when analyzed by AFM images of GQD deposited on Si 

(Figure 4-3), indicating that quantum dots were accumulated in 1~3 layers. The 

crystallinity of GQDs was analyzed by XRD patterns (Figure 4-2j). The bands 

appeared near 2θ ~ 23 ° for all samples, indicating that the interlayer distance 

between the accumulated quantum dots was 0.38 nm. This value was slightly 

greater than the value between graphene layers of graphite (0.34 nm), suggesting 

that repulsion was induced by the functional group at the edge sites.16 Raman 

spectra of GQDs were analyzed to verify the degree of defect and indirect evidence 

of nitrogen doping (Figure 4-2k). All GQDs had a D-band near 1360 cm-1 

originating from point defects and a G-band near 1600 cm-1 caused by the 

vibrations from the graphene structure.17,18 The intensity ratios of D- and G-bands 

(ID/IG) of NGQDs were larger than that of rGQD due to the introduction of nitrogen 

that acts as defects.19 While the rGQD had a G-band at 1605 cm-1, the NGQD7 and 

the NGQD8 had G band at 1594 cm-1 and 1592 cm-1, respectively. This downshift 

was attributed to the adoption of nitrogen atoms in the graphene structure.20 
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Figure 4-2. (a-c) Low-magnified TEM images of (a) NGQD7, (b) NGQD8 and (c) 

rGQD (scale bars: 10 nm). (d-f) High-magnified TEM images of crystalline (d) 

NGQD7, (e) NGQD8 and (f) rGQD (scale bars: 2 nm). Insets show 2D FFT 

patterns. (g-i) Histograms of the size distribution of (g) NGQD7, (h) NGQD8 and 

(i) rGQD. (j) XRD patterns and (k) Raman spectra of synthesized GQDs. 
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Figure 4-3. Atomic force microscopy images for measuring thickness of (a) 

NGQD7, (b) NGQD8 and (c) rGQD. (d-f) 1D topographic profiles along the lines 

in the AFM images. 
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Since the optical properties of GQD are strongly related to its bonding 

configuration, the chemical nature of materials was investigated. As shown in the 

FT-IR spectra of GQD (Figure 4-4a), the chemically cleaved NGQDs had bands at 

3400, 3200, 1630, 1400 and 1110 cm-1 induced by O-H, N-H, C=C, aromatic C-N, 

and amine C-N & C-O bonding, respectively.21-23 Based on the results of FT-IR 

analysis, a quantitative analysis of the atomic fraction of carbon and nitrogen was 

carried out. The bonding composition and detailed deconvoluted spectra for GQDs 

(Table 4-1 and Figure 4-4b to 4-4f) by XPS showed that pyridinic N (398.4 eV), 

amino N (399.2 eV), pyrrolic N (400.2 eV), and graphitic N (401.6 eV) were 

present in NGQDs.13,23 This was consistent with the increased intensity in the C1s 

spectra near the 286 eV (from C-O and C-N bonding) and 288.1 eV (from C=O and 

C=N bonding) bands. Overall nitrogen content in the NGQDs was lower than in the 

carbon precursors, suggesting that nitrogen loss occurred during the oxidation and 

dialysis. NGQD7 was found to have more amino N than NGQD8 (4.3% vs 3.0%), 

due to the conversion of pyridinic and pyrrolic N to amino N during the chemical 

cleavage of the precursors.22 
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Figure 4-4. Chemical nature of GQDs. (a) FT-IR transmittance of GQDs. 

Deconvoluted N1s XPS spectra of (b) NGQD7 and (c) NGQD8. Deconvoluted C1s 

XPS spectra of (d) rGQD, (e) NGQD7 and (f) NGQD8. 

 

Table 4-1. Elemental analysis of GQDs from XPS results. 

Sample Atomic 
ratio 
(%) 

Bonding fraction of 
carbons (%) 

Composition fraction of nitrogens 
(% to carbon contents) 

Nitrogen/
Carbon 

C=C & 
C-C 

C-O & 
C-N 

C=O & 
C=N 

Pyridinic 
N 

Amino 
N 

Pyrrolic 
N 

Graphitic 
N 

NGQD7 12.0 59.8 25.7 14.5 3.3 4.3 3.8 0.5 
NGQD8 10.7 69.1 16.4 14.6 3.4 3.0 3.3 1.0 
rGQD - 82.2 14.0 3.8 - - - - 
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The change in optical Eg of GQDs was confirmed by Tauc plots using UV-

vis spectroscopy. When light with photon energy greater than Eg is added to the 

matter, the following relation is valid. 

  (4-1) 

Where h is the Planck constant, ν is the frequency of light, A is the 

absorption coefficient of the material and r is the constant depending on the type of 

electron transition (0.5 for indirect transition and 2 for direct transition). The 

optical Eg of the material was determined by extrapolating the linear relationship. 

Optical absorbance as a function of wavelength is displayed in Figure 4-5 and 

Figure 4-6a summarizes the Tauc plots for NGQDs and rGQD. All GQDs had 

direct Eg, corresponding to the results reported by other groups.24,25 The calculated 

Eg was 2.83 eV for NGQD7, 2.69 eV for NGQD8 and 3.47 eV for rGQD. A 

remarkable decrease in Eg for NGQDs was attributed to the nitrogen-induced new 

energy level in the electronic structure of GQDs.26 Specifically, NGQD8 had 

smaller Eg than NGQD7 because more graphitic N strongly affects the electronic 

structure of GQDs.27 Adding GQDs into photoactive films led to a slight increase 

in the absorbance of blends at wavelengths below 600 nm (Figure 4-7). 
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Figure 4-5. UV-vis absorbance spectra of GQD. 

 

 
Figure 4-6. (a) Plots between [hνA]2 and hν for determining Eg of GQDs. (b-d) 

Fluorescence behavior of (b) NGQD7, (c) NGQD8 and (d) rGQD in aqueous 

solutions at varying excitation wavelengths. 
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Figure 4-7. The absorbance of light-absorbing films based on PTB7-Th:PC71BM. 
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The fluorescent response of GQDs depending on excitation wavelength was 

monitored as displayed in Figure 4-6b to 4-6d. All GQDs showed excitation-

dependent PL, due to the existence of traps induced by the functional groups.28 

When the light with a wavelength of 360 nm was injected for excitation, NGQDs 

and rGQD exhibited maximum emissive intensity at 470 and 420 nm, respectively. 

The gap between maximum emission wavelength was attributed to the reduced Eg 

from the addition of nitrogen. While rGQD did not exhibit fluorescence for light 

with a wavelength above 420 nm, NGQDs can convert visible light with a 

wavelength of 520 nm. The QY of GQDs was calculated to analyze energy transfer 

to light-absorbing materials. The QY was 25.9% for NGQD7, 15.1% for NGQD8 

and 4.3% for rGQD where the higher QY of NGQDs originated from the n-π* 

transition between the aromatic nitrogen and conjugated structure of NGQDs.29 

The trend in QY was the same as the nitrogen content order, which was consistent 

with previous studies.30-32 The broader and more intense fluorescence of NGQDs 

made the energy transfer from NGQD to the photoactive materials more efficient. 

When the fluorescence emission spectrum of GQD as a donor and absorption 

spectrum of polymer or fullerene as an acceptor overlapped, FRET from GQDs to 

photoactive materials occurred.33 The rate of FRET in the exciton donor-acceptor 

systems is expressed as follows, 

  (4-2) 
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where τ is the exciton lifetime, R0 is the Förster radius as an indicator of 

FRET intensity, and d is the distance between donor and acceptor. The R0 is 

derived from the following relation, 

  (4-3) 

where ηPL is the QY of the donor, κ is the dipole orientation factor, λ is the 

wavelength, n is the refractive index of medium, FD is the normalized fluorescence 

spectrum of the donor material when incident light is applied, and σA is the 

absorption cross-section of the acceptor material. For more effective long-range 

exciton transfer, R0 should be larger. Assuming that the orientation of the donor is 

random, κ2 is considered to be 2/3. In addition, the refractive indices of PTB7-Th 

and PC71BM are 1.9 and 2.1, respectively. To derive the R0, absorption coefficients 

of semiconducting polymers and fullerene derivatives were measured (Figure 4-8). 

I obtained the values of R0 based on the intrinsic properties of substances (Table 4-

2). Because of the wider overlap region between PL spectra of the donor and 

absorption spectra of the acceptor and improved QY, the R0 of NGQD was longer 

than that of rGQD. To verify the efficiency of FRET, PL spectra of GQD/polymer 

and GQD/fullerene films were examined. As shown in Figure 4-9, quenching of 

GQD emission band and enhanced PL emission of photoactive materials in the 

films containing 0.1 wt% of GQD were confirmed. The degree of improvement in 

PL intensity of photoactive materials is consistent with the trend of R0. 
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Figure 4-8. Absorption coefficient of PTB7-Th and PC71BM. 

 

Table 4-2. Förster radius from GQDs to photoactive materials. Units in nm. 

Fluorescent 
material 

Acceptor material 
PTB7-Th PC71BM 

NGQD7 3.2 3.3 
NGQD8 3.0 3.0 
rGQD 2.0 2.3 

 

 
Figure 4-9. PL characteristics of (a) PTB7-Th and (b) PC71BM-based films 

containing GQD at the excitation wavelength of 405 nm. PL curves of GQD are 

overlaid for clear PL quenching of GQD in the mixed conditions. 
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Although nitrogen doping induces stronger FRET to the polymer and 

fullerene compared to pristine GQD, the effective improvements in charge 

collecting ability were uncertain. To solve this issue, it is important to confirm 

where the GQD was as it was determined by calculating the wetting coefficient for 

the polymer:fullerene mixture. The surface energy of components and the 

interfacial energy between the materials were derived by measuring the water 

contact angle. The photographs used for the contact angle test of each material are 

summarized in Figure 4-10. The surface energy of the polymer, fullerene, and 

GQDs were estimated from the water contact angle test as calculated from the 

equation, 

 (4-4) 

Where θ is the contact angle, γSV is the surface energy of solid, γLV is the 

surface tension of water (72.0 mN m-1), and β is the constant (0.000115 m4 mJ-2).34 

Table 4-3 displays the contact angle and surface energy of materials. Based on the 

calculated surface energy, interfacial surface energy between different pairs was 

derived (Table 4-4). 

 (4-5) 

Where γX-Y is the interfacial energy between materials X and Y. Finally, the 

wetting coefficients of the GQDs are obtained using the following equation. 

 (4-6) 

If ωGQD is larger than 1, the GQD is located in the fullerene domain. If ωGQD 
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is smaller than -1, the GQD is located in the polymer domain. Otherwise (-

1<ωGQD<1), the GQD exists between the polymer:fullerene interface. As shown in 

Table 4-5, both NGQD and rGQD were distributed in the fullerene-rich domain. 

This suggests that FRET from GQD to fullerene may be effective, but the effect of 

exciton migration to the polymer is unclear. Thus, structural analysis of the light-

absorbing layer films is required. 
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Figure 4-10. Photographs depicting the measurements for contact angle of 

materials using deionized water as the dropping liquid. 

 

Table 4-3. Water contact angle and surface energy of materials. 

Material Contact angle (˚) Surface energy (mJ m-2) 
PTB7-Th 99.2 22.4 
PC71BM 91.4 27.1 
NGQD7 78.8 35.1 
NGQD8 73.4 38.5 
rGQD 81.3 33.5 
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Table 4-4. Interfacial energy between components in the photoactive blends. 

Components Interfacial energy (mJ m-2) 

PTB7-Th:PC71BM 0.36 
NGQD7:PTB7-Th 2.45 
NGQD8:PTB7-Th 3.91 
rGQD:PTB7-Th 1.90 

NGQD7:PC71BM 0.95 
NGQD8:PC71BM 1.95 

rGQD:PC71BM 0.62 
 

Table 4-5. Wetting coefficients of GQDs in the photoactive blends. 

Material Wetting coefficient 

NGQD7 in PTB7-Th:PC71BM 4.18 

NGQD8 in PTB7-Th:PC71BM 5.48 

rGQD in PTB7-Th:PC71BM 3.58 
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Grazing-incidence X-ray scattering was used to analyze the nanostructure of 

the photoactive blends, so 2D grazing incidence wide-angle X-ray scattering 

(GIWAXS) and grazing incidence small-angle X-ray scattering (GISAXS) patterns 

for each sample are summarized in Figure 4-11. In order to confirm the 

crystallinity of the components, 1D out-of-plane profiles were extracted from raw 

GIWAXS data (Figure 4-12a and 4-12b). Information on the peak position (qpeak) 

and full width at half maximum (FWHM) obtained from GIWAXS profiles are 

summarized in Table 4-6. The intermolecular distances (= 2π/qpeak) and coherence 

lengths (= 2π/FWHM) were calculated for further analysis. Since intermolecular 

hole transport is most effective in the π-π stacked polymer domain, an analysis of 

the crystallinity of the polymer is most preferably performed on face-to-face 

stacking behavior.35,36 As seen in Figure 4-12a, the scattering signal from the 

PTB7-Th showed that the π-π stacking distance decreased while the coherence 

length increased when GQDs were added into photoactive blends. Edge-on 

orientation of polymer chains was also investigated, and the (100) peak position of 

PTB7-Th shifted to the left when the GQD was added (Figure 4-12b). 
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Figure 4-11. (a-d) Two-dimensional GIWAXS patterns of (a) PTB7-Th:PC71BM, 

(b) PTB7-Th:PC71BM:NGQD7, (c) PTB7-Th:PC71BM:NGQD8 and (d) PTB7-

Th:PC71BM:rGQD films. (e-h) Two-dimensional GISAXS patterns of (e) PTB7-

Th:PC71BM, (f) PTB7-Th:PC71BM:NGQD7, (g) PTB7-Th:PC71BM:NGQD8 and 

(h) PTB7-Th:PC71BM:rGQD films. 

 

 

 

 

 

- 125 -



 

 

 
Figure 4-12. (a-b) Out-of-plane GIWAXS profiles of photoactive films for (a) 

face-on and (b) edge-on orientation analysis of polymer chains. For face-on 

orientation analysis, deconvoluted peaks for PC71BM (green) and (010) stacking of 

PTB7-Th (blue) are shown. The dotted lines were used to show the peak position 

of polymers in the binary blend. (c) GISAXS 1-D profiles in the in-plane direction. 

(d) Low-q range GISAXS data for PTB7-Th:PC71BM-based films. Plots are shifted 

for a clear contrast. 
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Table 4-6. Structural parameters of crystalline polymer domains and correlation 

length of amorphous polymer domains derived from out-of-plane GIWAXS and in-

plane GISAXS analysis. 

Photoactive blend qpeak 
( -1) 

Intermolecular 
spacing ( ) 

FWHMpeak 
( -1) 

Coherence 
length 
( ) 

ζ 
(nm) 

PTB7-Th:PC71BM 0.30a) 

/1.65b) 
20.9a)/3.8b) 0.073a) 

/0.310b) 
86.1a) 
/20.2b) 

38.0 

PTB7-
Th:PC71BM:NGQD7 

0.29a) 

/1.68b) 
21.6a)/3.7b) 0.075a) 

/0.296b) 
84.3a) 
/21.2b) 

40.4 

PTB7-
Th:PC71BM:NGQD8 

0.29a) 

/1.68b) 
21.7a)/3.7b) 0.072a) 

/0.295b) 
86.7a) 
/21.3b) 

40.6 

PTB7-
Th:PC71BM:rGQD 

0.30a) 
/1.69b) 

21.2a)/3.7b) 0.077a) 
/0.300b) 

81.9a) 
/20.9b) 

39.8 

a) The values for edge-on orientation. 
b) The values for face-on orientation. 
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1D in-plane profiles for photoactive films were extracted from the GISAXS 

patterns for nanoscale domain analysis (Figure 4-12c and 4-12d). The GISAXS 

profiles for the photoactive blend film used in this work were interpreted through 

the following model. 

 (4-7) 

where the first term of Equation 4-7 is from the Debye-Anderson-

Brumberger model, which describes the scattering patterns for the amorphous 

polymer domains. The second term reflects the effect of the fullerene-rich 

domain.37 A1 and A2 are structure-independent fitting parameters, ζ is the 

correlation length of the amorphous polymer region, P(q, R) is a form factor, and S 

(q, R, η, D) is a structure factor for PCBM. The Schultz distribution was introduced 

for form factor analysis of fullerenes. The interpretation of the fullerene-rich 

domain was based on a fractal-like aggregation system. From the in-plane scanning 

results of GISAXS data, we found the response by the amorphous polymer phase 

observed in the range of 0.005<q<0.01 Å-1 and the signal from the fullerene-rich 

domains in the range of 0.01<q<0.04 Å-1. The correlation length of the amorphous 

polymer domain (ζ) was summarized in Table 4-6. The correlation length of 

fullerene aggregates in photoactive blends (η ~ 4 nm), and the fractal dimension 

derived from the fractal analysis of the fullerene-rich phase (D ~ 2.15) showed 

little difference despite the incorporation of GQD into photoactive blends. 

We figured out the relationship between the type of GQDs and the structural 

parameters in the photoactive blends. To analyze the polymer crystallinity, the 
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degree of crystallinity (DOC = coherence length/intermolecular distance) that 

symbolizes packing density and periodicity of crystalline polymers was defined. 

We plotted the DOC (Figure 4-13a) and ζ (Figure 4-13b) against the parameters 

between the GQD and the constituents. As shown in Figure 4-13a, the DOC of 

PTB7-Th-based blends for face-on orientation increased as the GQD was added, 

while the DOC for edge-on orientation decreased as the GQD was incorporated. 

When GQD was mixed with the PTB7-Th-based mixture, the change of ζ is 

insignificant (Figure 4-13b). Such a phenomenon was also confirmed by analyzing 

the surface roughness of the photoactive materials through the AFM images 

(Figure 4-14). The photoactive blends showed similar surface roughness. This 

corresponded to the trend in the GISAXS analysis. 
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Figure 4-13. (a) DOC for photoactive blends as a function of interfacial energy 

between GQD and polymer. (b) Correlation length of amorphous polymer domain 

as a function of wetting coefficient of GQD. For comparison, values for blends 

without GQD (open symbols) were plotted in the figures. 

 

 
Figure 4-14. AFM images of PTB7-Th:PC71BM PAL with and without GQD. 
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The reconstruction in the nanostructure of the light-absorbing mixture when 

GQD is explained as follows. The notable affinity difference between GQD-

polymer and GQD-fullerene affects the orientation of polymer chains. Despite the 

presence of GQD in the fullerene-rich phase, the primary unit of the fullerene 

aggregates and the fractal structure is similar, suggesting that GQD does not 

significantly affect the aggregation of fullerene molecules. Since we grasped the 

nanostructure of polymer:fullerene:GQD films, we can determine the possibility of 

exciton migration from GQD to the polymer. GQD is present inside a continuous 

PC71BM structure with a width of 8 nm. Assuming that GQD is in the center of the 

fullerene structure, FRET from GQD to PTB7-Th is limited due to the short R0. 

To determine how the complex factors mentioned above contribute to solar 

cell performance, we fabricated and characterized the PSCs with and without GQD 

in the light-absorbing layer. The current density (J)-voltage (V) curves of the 

devices are shown in Figure 4-15a. The photovoltaic parameters are summarized in 

Table 4-7. The highest PCE of the PSC based on PTB7-Th donors without GQD 

was 8.36%. As the NGQD7 was added to the photoactive blends, the PCE of the 

devices was improved to 9.26% for PTB7-Th:PC71BM blend. The PSCs with the 

GQD-containing PAL showed better performance than the GQD-free device due to 

the improved JSC and fill factor (FF). In order to check the wavelength-dependent 

sensitivity of the solar cells, the external quantum efficiency (EQE) was measured 

(Figure 4-15b). The higher QY and the wider PL response of GQD led to higher 

EQE of photovoltaic cells. Only EQE in the wavelength range where FRET 
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occurred was increased. To identify the carrier dynamics excluding the effect of 

light absorption, IQE spectra of PSCs were derived (Figure 4-15c). The IQE was 

calculated by dividing the EQE by the absorption rate of PSCs (1-reflection rate) 

and reflectance spectra of the devices were displayed in Figure 4-16. From the IQE, 

the complex influence of exciton diffusion, charge transfer, charge transport and 

charge collection depending on the structural parameters of the photoactive blend 

can be confirmed. The IQE of the NGQD7-containing solar cells was close to 100% 

for light with a wavelength of 750 nm, which contributed to excellent charge 

collection. 
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Figure 4-15. (a) J-V curves, (b) EQE spectra, and (c) IQE spectra of PTB7-

Th:PC71BM-based PSCs. 

 

 
Figure 4-16. Reflectance of the PSCs based on PTB7-Th:PC71BM blends. 
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Table 4-7. Photovoltaic performance of PSCs based on GQD-containing PTB7-

Th:PC71BM active materials under the illumination (100 mW cm-2) of simulated 

AM 1.5 G condition. 

Devices JSC
a) 

(mA cm-2) 
Open-circuit 
voltage (V) 

FF PCEb) (%) Rs 
(Ω cm2) 

PTB7-Th:PC71BM 16.6 ± 0.3 
(16.1) 0.79 ± 0.01 0.61 ± 

0.02 
8.01 ± 0.19 

(8.36) 3.9 

PTB7-
Th:PC71BM:NGQD7 

17.3 ± 0.1 
(16.7) 0.79 ± 0.01 0.64 ± 

0.02 
8.81 ± 0.27 

(9.26) 2.9 

PTB7-
Th:PC71BM:NGQD8 

17.1 ± 0.2 
(16.6) 0.79 ± 0.01 0.64 ± 

0.02 
8.69 ± 0.29 

(9.12) 2.6 

PTB7-
Th:PC71BM:rGQD 

16.9 ± 0.3 
(16.4) 0.79 ± 0.01 0.63 ± 

0.02 
8.48 ± 0.27 

(8.71) 2.9 

a) The values in parentheses are JSC calculated from the EQE spectra. 
b) The values in parentheses are the highest PCE. 
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Hole-only and electron-only devices were fabricated to reveal how changes 

in the nanostructure by adding GQD contributed to improvements in charge 

mobility in the light-absorbing layers. The J0.5-V curves in the dark condition 

(Figure 4-17) were analyzed using the space charge limited current (SCLC) method. 

The charge mobility is obtained by the following equation (Mott-Gurney law), 

 (4-8) 

Where J is the current density, ε0 is the permittivity of free space, εr is the 

relative permittivity, μ is the charge mobility, d is the thickness of the PAL, and V 

is the applied voltage.38 As shown in Table 4-8, both hole and electron mobilities 

were increased when GQD was added into photoactive blends. Enhanced DOC of 

the polymer-rich domain led to improved hole mobility. A decrease in the RS of the 

devices was also consistent with this trend. 
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Figure 4-17. J0.5 - V curves for (a) PTB7-Th:PC71BM-based hole-only devices and 

(b) PTB7-Th:PC71BM-based electron-only devices. 

 

Table 4-8. Charge mobilities of the PSCs. 

Devices Hole mobility 
(μh, cm2 V-1 s-1) 

Electron mobility 
(μe, cm2 V-1 s-1) 

PTB7-Th:PC71BM 1.16  10-4 2.81  10-4 
PTB7-Th:PC71BM:NGQD7 1.92  10-4 3.06  10-4 
PTB7-Th:PC71BM:NGQD8 1.81  10-4 3.08  10-4 
PTB7-Th:PC71BM:rGQD 1.66  10-4 3.17  10-4 
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To verify how effective the introduction of GQD was in increasing JSC of the 

devices, an optical transfer matrix method was carried out.39 In Figure 4-18a, 

calculated JSC curves that assumed IQE = 100% as a function of PAL thickness are 

displayed. By comparing the maximum achievable value with the measured value, 

the JSC of PTB7-Th:PC71BM:NGQD7 was 95.4% of the maximum value. 

Introducing the optimized GQD affected not only the JSC but also the reduction in 

RS. The PCE of Binary PSC using ITO and Ag electrodes is 80% of calculated 

PCE (Figure 4-18b), while the PCE of ternary PSC containing NGQD7 yielded 89% 

of predicted PCE (Figure 4-18c). For devices using 2p-atom-based electrodes, the 

same trend was observed as shown in Figure 4-18d (67% for binary PSC to 74% 

for ternary PSC). The NGQD7-containing PSC using the same structure that was 

introduced for the DWCNT/GO electrode in Chapter 3 was fabricated. The same 

measurement was performed to characterize the solar cells and the corresponding 

J-V curves are in Figure 4-18e. The highest PCE of the solar cell was recorded 

(5.08%) when the light was illuminated from the anode with the aid of a mirror. 

The corresponding EQE of the device is shown in Figure 4-18f, and it was found 

that the EQE was improved in the long-wavelength region due to the introduction 

of NGQD7. 
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Figure 4-18. (a) Measured JSC in this work and calculated maximum JSC assuming 

IQE = 100% as a function of PAL thickness (black solid line) for PTB7-

Th:PC71BM-based PSCs. (b-c) Predicted and measured J-V curves of PSCs using 

ITO-Ag electrodes (b) without GQD and (c) with NGQD7. (d) Predicted and 

measured J-V curves of PSCs using 2p-atom-based electrodes with and without 

NGQD7. (e) J-V curves and (f) EQE spectra of PSCs using DWCNT/GO 

electrodes by varying illuminating directions with and without a mirror. 
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4.4 Conclusion 

The impact of the GQD nature on the photovoltaic properties of PSCs 

incorporating the polymer:fullerene:GQD light absorber was studied to reduce the 

RS induced by PAL. Tuning GQD by adding nitrogen influenced optical properties 

and surface characteristics. In addition, the changes in nanostructure and FRET 

from the modification of GQD were confirmed. The exciton migration is most 

likely to occur within the fullerene-rich domain due to weak FRET intensity from 

GQD to polymer. The introduction of GQD affected the DOC of the polymer-rich 

region. Such synergistic impacts led to efficient photon conversion and improved 

charge transport, ultimately improving PCE. For better photovoltaic performance, 

it is necessary to improve the optical properties of the GQD as well as to adjust the 

location of GQD in the photoactive blend. Based on these guidelines, the design of 

appropriate GQD will enable effective power conversion in thick organic-based 

photoactive films (> 300 nm), which will also be of great practical application. 
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Graphene Oxide Gas Barriers for Improved Lifetime 
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Chapter 5. Impact of Characteristics of Reduced Graphene 

Oxide Sheet on Gas Permeation for Encapsulation of Solar 

Cells 

 

5.1 Introduction 

Encapsulation is a key step in the fabrication of organic-based devices due to 

their high reactivity with oxygen and water vapor.1 The gas blocking materials 

should satisfy not only low permeability but also make it easier for low-cost and 

large-area fabrication for practical applications. Polymers like polyethylene 

terephthalate (PET), polyethylene naphthalate (PEN), and polyimide have been 

discussed for flexible encapsulants due to their good mechanical properties, 

thermal stability, and chemical resistivity.2 However, the water vapor transmission 

rate (WVTR) of these polymers is generally larger than 2 g m-2 day-1, which is 

inappropriate as a gas barrier. To overcome this problem, additional gas blocking 

materials depositing on polymeric substrates is essential. 

Defect-free graphene is impermeable to all atoms due to a honeycomb-like 

sp2 carbon-based structure.3 Due to flexible behavior, cost-effective production, 

and high throughput, reduced graphene oxide (rGO) is an attractive material for gas 

barrier applications for organic electronics. In order to reduce molecular 

permeability through the stacked rGO structure, suppressing permeation sites in 

membranes is a key issue. Such penetration pathways are classified under two 
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types: pinholes formed by stacked rGO structure and continuous passages through 

voids within rGO sheets (Figure 5-1). Therefore, reducing the gas permeability of 

rGO membranes begins from designing compact rGO sheet packing. This relates to 

the nature of rGO lateral size, number of functional groups, voids, and other 

standards. To achieve the goal, researchers have tried to fabricate rGO-coated gas 

barriers with a focus on the reduction method.4-6 The nature of graphene oxide (GO) 

controlled by the synthetic condition have been emphasized for diverse graphene-

based applications.7-10 Nevertheless, none of the literature on rGO-based gas 

barriers has focused on synthetic parameters and their influence on the rGO film 

permeability. Recently, a report revealed that oxidation during GO synthesis 

influences the lateral size and amount of functional groups and voids,11 which are 

critical for gas molecule penetration through the rGO network. Therefore, adjusting 

the GO nature eventually affects the gas blocking ability of rGO membranes. 

In this chapter, I emphasize the importance of rGO nature in preparing 

efficient gas barriers. The oxidation step of GO was carefully controlled to confirm 

the intrinsic rGO characteristics on the gas permeability of output membranes with 

the best gas blocking performance. The relationship between the characteristics of 

rGO and water vapor permeability was discussed. The resulting gas barriers were 

utilized as encapsulating materials in conventional polymer solar cells (PSCs). 
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Figure 5-1. A scheme on the gas molecule permeation through rGO-layered 

membrane. The voids with rGO sheets are exaggerated for clarity. 
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5.2 Experimental 

Materials: Graphite, potassium persulfate (K2S2O8), phosphorus pentoxide 

(P4O10), potassium permanganate (KMnO4), 1,2-dichlorobenzene (DCB), sodium 

dodecylbenzenesulfonate (SDBS), zinc acetate dihydrate (Zn(CH3COO)2∙2H2O), 

ethanolamine, 2-methoxyethanol and molybdenum oxide (MoO3) were purchased 

from Aldrich. Sulfuric acid (H2SO4), Hydrogen peroxide (H2O2), hydrochloric acid 

(HCl), acetone, and isopropyl alcohol (IPA) were purchased from Daejung. 

Polyethylene naphthalate (PEN) film was obtained from DuPont Teijin Films. 

Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Rieke 

Metal. [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) was purchased from 

Nano-C. All chemicals were used without further purification. 

Synthesis of GOs: To increase the resultant GO yield, graphite flakes (6 g) 

were preoxidated with K2S2O8 (12 g) and P4O10 (12 g) in H2SO4 (60 mL) in 80  

for 24 h. After the reaction, the preoxidized graphite was filtered and rinsed with 

excessive deionized (DI) water until the pH of the filtrate became neutral. They 

were then stored in a vacuum state at 25 . The completely dried expanded 

graphite (2 g) was dispersed to H2SO4 (92 mL) and kept at 0  before adding 

KMnO4 (12 g). The reaction was performed at 35  by stirring at 250 rpm for 2 h. 

After the reaction, DI water (200 mL) was carefully added to the reaction bath. The 

reaction was further performed at 45  for 2, 4, and 8 h (GO_452, GO_454, and 

GO_458), 70  for 8 h (GO_708) and 95  for 0.5, and 2 h (GO_950.5, and 

GO_952). This step was terminated by releasing H2O2 solution (30 mL) into the 
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mixture. The output was centrifuged at 13000 rpm for 20 min, which was followed 

by three cycles of HCl washing and re-centrifugation. Finally, DI water was used 

to neutralize GO suspension with centrifugation. In addition, the ‘GO_000’ sample 

was synthesized and directly released to a mixture of excess ice and H2O2 (10 mL). 

Preparation of rGO/PEN films: rGO films were prepared by the thermal 

annealing process and GO aqueous dispersion (7 mg mL-1) was spin-cast on the 

PEN substrate. The GO/PEN films were transferred to an oven to reduce the GO. 

The samples were then heated to 200  at a heating rate of 1  min-1. Hereafter, 

thermally reduced GOs were denoted rGO_000, rGO_452, rGO_454, rGO_458, 

rGO_708, rGO_950.5, and rGO_952, which are thermally derived from GO_000, 

GO_452, GO_454, GO_458, GO_708, GO_950.5, and GO_952, respectively. 

Fabrication of devices: ITO-coated glass substrates were pre-cleaned by bath 

sonication sequentially with detergent, deionized water, acetone, and IPA. After 

drying the solvent, substrates were pretreated with UV-ozone radiation for 15 min. 

The preparation of ZnO sol-gel precursor was described elsewhere.12 The precursor 

solution was spin-cast on the ITO substrates at 4000 rpm and followed by 

annealing at 200  for 30 min. As thermal annealing was finished, ZnO-coated 

substrates were moved to an argon-filled glove box. The P3HT:PC61BM blend (1:1) 

in DCB with a total concentration of 50 mg mL-1 was stirred overnight followed by 

filtering. Photoactive materials were spin-cast on top of ZnO films at 800 rpm 

before being dried in a covered petri dish for the crystallization of active materials. 

Completely dried films were thermally annealed at 150  for 30 min. The devices 
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were fabricated by thermal evaporation of MoO3 (10 nm) and Ag (100 nm) in a 

vacuum under 10-6 Torr after thermal annealing of the photoactive layer. 

Encapsulation barriers (PEN and rGO/PEN) were laminated using epoxy resin. The 

active area of the devices was 0.055 ~ 0.08 cm2, which is defined by the crossing 

area of the cathode and anode. 

Characterization: The X-ray diffraction (XRD, D8 Advance, Bruker) 

patterns for the interlayer distance analysis were recorded using CuKα radiation (λ 

= 0.154184 nm). Elemental analysis was characterized by X-ray photoelectron 

spectroscopy (XPS, AXIS-His, Kratos). The lateral sizes of rGO samples were 

characterized using a scanning electron microscope (SEM, MERLIN Compact, 

Zeiss). The amount of point defects within the rGO layers were monitored by 

Raman spectroscopy (Ramanplus, Nanophoton) using the 532 nm wavelength laser. 

The atomic force microscopy (AFM, NANOStationII, Surface Imaging Systems) 

was utilized to confirm the formation of voids and measure the thickness of the 

rGO layer. The WVTRs of the films were recorded using a MOCON instrument at 

38  and 100% relative humidity (RH). The optical transmittance of films was 

recorded using a UV-vis-NIR spectrometer (Varian, Cary 5000). The current 

density-voltage (J-V) characteristics of PSCs were measured using an IV 

sourcemeter unit (Keithley 2634B). The photovoltaic behavior of devices was 

analyzed under the global AM 1.5 spectrum (100 mW cm-2) from a solar simulator 

(Abet Technologies model 10500). The devices for lifetime analysis were stored at 

a temperature of 25 ± 5  and RH of 100%. 
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5.3 Results and Discussion 

The resulting GO characteristics are concerned with the oxidative condition. 

The graphite oxidation into GO is divided into two steps: The first is related to the 

Mn2O7/MnO3
+ reaction while the second (denoted step  oxidation) is initiated by 

the addition of water into the reaction bath that is performed with MnO4
-, generated 

by the Mn2O7/MnO3
+ conversion.11 In step  oxidation, MnO4

- generates oxidative 

cleavage, which can further induce cracks and voids within the GO structure at 

high temperatures over 70 . To obtain optimal rGO as a gas barrier material, step 

 oxidation should be carefully controlled. The gas blocking ability of the rGO 

network is strongly related to the parent GO characteristics. A permeation model 

looking through the rGO-layered structure is shown in Figure 5-1. In contrast to the 

GO laminates, the compact stacking of rGO restricts the water molecule 

permeation through the nanocapillary in rGO membranes.13 The interlayer distance 

between rGO layers was calculated from the X-ray diffraction (XRD) profile 

(Figure 5-2) using Bragg’s law where a peak related to the graphitic structure 

formation at 23 ~ 24˚ was clearly observed. The C1s spectra measured by X-ray 

photoelectron spectroscopy (XPS) were deconvoluted to confirm the chemical 

nature of rGOs. The detailed deconvoluted spectra for each sample are displayed in 

Figure 5-3. The rGO raw spectra consist of C=C (284.4 eV), C-C (285.0 eV), C-O 

(286.3 eV), C=O (287.9 eV) and O-C=O peaks (289.1 eV). The fractions of 

different carbon atoms for each rGOs were summarized in Table 5-1. I confirmed 

that the d-spacing between graphene sheets was almost identical (0.37 ~ 0.38 nm), 
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which is consistent with the similar concentration of hydroxyl groups attached to 

the basal plane of the rGO structure. Therefore, gas molecule permeation occurred 

through the pathways where rGO sheets were uncovered. As larger rGO sheets are 

used to fabricate gas barriers, permeation site density decreases. Furthermore, rGO 

with large-size cracks and voids allows larger permeation through membranes. If 

GO suffers harsh oxidative conditions, voids are generated within the GO. These 

voids allow additional gas permeation (green dotted line in Figure 5-1), which is a 

drawback for gas blocking materials. Therefore, the preparation of pinhole-free GO 

layers with large lateral sizes is essential for achieving low permeability. 
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Figure 5-2. XRD profiles of rGO films. 

 

 

 

 

- 152 -



 
Figure 5-3. Deconvoluted C1s XPS spectra of (a) rGO_000, (b) rGO_452, (c) 

rGO_454, (d) rGO_458, (e) rGO_708, (f) rGO_950.5, and (g) rGO_952. 
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Table 5-1. Chemical nature, lateral size and water vapor permeability of rGO. 

Material Atomic fraction of carbon atoms Lateral size 
(μm) 

Permeability 
(μg mm m-2 

day-1) C=C & C-C C-O O-C=O 

rGO_000 77.6 10.9 11.5 37.8 ± 13.9 105.2 
rGO_452 80.0 10.8 9.1 34.6 ± 15.7 111.5 
rGO_454 77.0 11.0 12.1 33.6 ± 14.9 114.1 
rGO_458 79.6 10.9 9.6 30.7 ± 15.0 120.2 
rGO_708 77.1 10.9 12.0 29.8 ± 15.1 134.6 
rGO_950.5 79.7 10.6 9.7 25.3 ± 11.7 148.7 
rGO_952 78.9 10.7 10.4 21.4 ± 11.6 668.6 
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The lateral size of the rGO was characterized. Figure 5-4 shows the SEM 

images of rGO on Si substrate and Table 5-1 shows the average lateral size of rGO. 

The detailed distribution of rGO sheet size is plotted in Figure 5-5. As expected, 

rGO without step  oxidation had the largest lateral size while the reaction 

temperature increase resulted in a gradual lateral size decrease. Note that rGO was 

prepared through harsh conditions (95 ) and had smaller lateral sizes despite the 

shorter reaction time than under mild conditions (reaction at 45 and 70 ). This 

drastic variation indicated that controlling the temperature during step  oxidation 

played a critical role in suppressing the gas permeability. Furthermore, while 

GO_000 had a pinhole-free structure, GO_952 had voids of several hundred 

nanometers within the layer (Figure 5-6). These large voids may cause additional 

moisture permeation. The ID/IGs of rGO samples were monitored by Raman 

spectroscopy (Figure 5-7) to confirm the degree of defects at the atomic scale in 

the graphene structure. The rGO derived from parent GO synthesized with harsh 

oxidation showed small ID/IG, which is attributed to the preservation of remained 

functional groups. However, point defects did not affect the water vapor 

permeability. 
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Figure 5-4. SEM images of (a) rGO_000, (b) rGO_452, (c) rGO_454, (d) 

rGO_458, (e) rGO_708, (f) rGO_950.5, and (g) rGO_952. The scale bar for each 

image is 50 μm. 
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Figure 5-5. Size distributions of (a) rGO_000, (b) rGO_452, (c) rGO_454, (d) 

rGO_458, (e) rGO_708, (f) rGO_950.5 and (g) rGO_952 sheets. 
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Figure 5-6. AFM images of (a) GO_000 and (b) GO_952. Magnified regions (right 

side) were monitored to confirm the generation of large-size voids (dotted blue 

circles). 
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Figure 5-7. Raman spectra of rGO films. 
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To evaluate the gas barrier performance of the rGO-based membrane, The 

WVTRs of several rGO/PEN samples were measured. Controlled thermal 

treatment resulted in rGO membranes with reduced porosity.5,14,15 The resulting 

films were 20~30 nanometers thick, flexible and semitransparent. The water vapor 

permeability through rGO (PrGO) was calculated from the following equation: 

  (5-1) 

where T is the WVTR and d is the component thickness.16 Since T and d 

were monitored from the WVTR test and AFM images, PrGO was eventually 

obtained. The calculated PrGOs are summarized in Table 5-1. As expected, the PrGO 

of rGO_000 was the smallest, while the rGO_952 allowed 6.3 times larger water 

vapor compared to rGO_000. 

The gas molecule permeation through rGO membranes is a summation of 

that through nanosize pores within the rGO-stacked structure. Thus, the pinhole 

density in rGO films contributes to the gas permeability of rGO permeability, 

which is similar to AlOx thin-film experiments reported in the literature.17 Since 

membranes consist of stacked 2D materials, the permeable pore distribution is 

related to the lateral size of rGOs. To check the lateral size influence, the 

relationship between rGO membrane permeability and rGO layer lateral size was 

investigated, as shown in Figure 5-8. The rGO barrier permeability gradually 

increased by utilizing small rGOs from rGO_000 to rGO_708. Meanwhile, rapid 

growth in permeability for rGO_952 was observed when compared to other rGO 
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films. The permeation pathways through void-induced capillary played a critical 

role in the gas penetration than the sites formed with edge-to-edge rGO pinholes. 

The 2D coverage of rGO sheets for a unit layer (shown in Figure 5-1 and Figure 5-

9) due to the relationship between the optical transmittance and thickness of rGO 

membrane was calculated. The average surface coverage of rGOs in a unit layer is 

calculated by measuring the optical transmittance of rGO films. The unit layer 

consists of rGO-covered and uncovered regions, as shown in Figure 5-9. Assuming 

that the optical transmittance of the individual single-layer rGO sheet is 97.7%, the 

unit layer (Tunit) transparency is expressed from the following equation, 

 (5-2) 

where  is the aerial ratio of rGO sheets in the unit layer. The Tunit is the 

summation of the contribution of graphene-covered area (0.977 ) and the 

contribution of graphene-uncovered area ( . The number of layers in 

graphene films (n) are calculated from, 

 (5-3) 

where drGO is the rGO film thickness and dint is the interlayer distance. 

Therefore, the optical transmittance of the rGO-laminated barrier (TrGO) is obtained 

from the following relationship, 

 (5-4) 

This equation converts into the following equation, 

 (5-5) 
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By measuring the thickness and optical transmittance of rGO films by 

extracting the transmittance of PEN substrate, the 2D surface coverage ratio was 

derived, as summarized in Table 5-2 and Figure 5-8. 
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Figure 5-8. Water vapor permeability of rGO films and average surface coverage 

of rGO sheets as a function of lateral size induced by controlling the oxidative 

condition. The black dotted line is inserted for trending. 

 

 
Figure 5-9. A scheme on the unit layer in the rGO-stacked structure. The gray 

zones represent the rGO sheet coverage. 
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Table 5-2. Parameters for calculating the average surface coverage of rGOs. 

Sample Thickness (nm) Number of layers TrGO (%)  (%) 
rGO_000 28.7 75.5 42.0 0.497 
rGO_452 32.0 84.2 38.7 0.487 
rGO_454 21.0 55.3 54.0 0.482 
rGO_458 35.5 93.4 36.2 0.471 
rGO_708 23.6 62.1 52.1 0.454 
rGO_950.5 38.0 100.0 34.9 0.455 
rGO_952 37.0 97.4 40.9 0.398 
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Figure 5-8 indicates the trend in the surface coverage by controlling the 

nature of rGOs. As shown by the comparison between rGO_452 and rGO_454, the 

water vapor permeability of rGOs with similar size but different chemical nature 

did not show any remarkable difference. Thus, I conclude that the impact of rGO 

size on gas molecule permeation is much more important than that of functional 

groups at the edge. The decrease in the degree of surface coverage was attributed to 

inadequately covering the building blocks and generating large voids within rGO 

sheets. Furthermore, GOs that were synthesized between 70 and 95  had some 

cracks in their chemical structure. However, rGO_952 allowed larger amounts of 

water vapor to penetrate through membranes than other rGO samples. If the 

amount of voids within rGO sheets is insufficient, the penetration of gas molecules 

with sizes in the several nanometers through voids in the graphene sheets is 

difficult due to the impermeable nature of adjacent graphene sheets.18,19 Therefore, 

the permeation of gas molecules through the rGO membrane is concerned with the 

high density of voids in the several hundreds of nanometers. This result emphasizes 

the importance of controlling the oxidation when preparing chemically derived 

graphene as a gas barrier material. 

To evaluate the practical gas blocking performance, the rGO-based gas-

barrier was adopted to encapsulate PSCs. Devices stored at RH of 100% confirm 

the rapid water vapor blocking ability. The time-dependent J-V curves of PSCs are 

displayed in Figure 5-10a to 5-10d. The decay trend in power conversion efficiency 

(PCE) of devices was plotted in Figure 5-10e. The detailed decay of photovoltaic 
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parameters, including short-circuit current density (JSC), open-circuit voltage (VOC), 

and fill factor (FF) is plotted in Figure 5-11. The J-V characteristics showed 

rGO_000/PEN-laminated solar cells as the most stable and efficient under humid 

conditions when compared to unencapsulated devices and their dramatic drop. To 

determine lifetime markers, the time when efficiency reached 80% of the initial 

PCE (denoted as T80) was obtained, as shown in Figure 5-10f.20 The T80 for devices 

encapsulated with rGO_000/PEN was 65.9 times larger than bare PSCs and 6.8 

times larger than PEN-laminated PSCs. The efficiency decay for P3HT:PC61BM 

devices originate from the degradation of photoactive material and interfacial layer 

and morphological changes.20-22 The penetration of gas molecules, including water 

vapor and oxygen, was suppressed by inserting rGO thin layers, which was proved 

by the conserving of JSC and FF. Since the permeability of rGO_000 is thousands of 

times smaller than that of PEN (0.314 g mm m-2 day-1), a simple rGO layer coating 

that is tens of nanometers thick showed a remarkable effect on the PSCs lifetime. 

Under the same humidity conditions, the PCE of PSCs using rGO/PEN barrier 

decreased by 37% after 504 h (Figure 5-12). This suggested that the rGO/PEN film 

has an effect on the long-term stability of the organic devices, given that the 

lifetime test was performed at the RH of 100%. A group using rGO_952/PEN 

showed inferior stability to the barrier using rGO_000, which is represented by T80 

reduction. This result was consistent with the trend in the water vapor permeability 

of rGO membranes. 
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Figure 5-10. J-V characteristics of PSCs after air exposure (a) without gas barrier, 

(b) with bare PEN, (c) with rGO_000/PEN and (d) with rGO_952/PEN. (e) 

Degradation trend in the efficiency of devices as a function of exposure time to air 

for different devices. (f) T80s for PSCs with different encapsulating barriers. T80 of 

bare devices was included for comparison. 

 

 
Figure 5-11. Decay trend in (a) JSC, (b) VOC, and (c) FF and as a function of 

exposure time to air for different devices. 
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Figure 5-12. Long-term stability of rGO_000/PEN-encapsulated PSC. 
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5.4 Conclusion 

In summary, the effects of rGO characteristics on the water vapor 

permeability and practical applications were presented. From the gas penetration 

model, the ideal rGO structure as a gas barrier material was suggested. A 

corresponding resultant was prepared by controlling the synthetic condition of GO. 

The best rGO showed remarkable water vapor permeability and device stability in 

air. The large-size void generation within the GO structure led to the dramatic 

increase in the water vapor permeability of the resultant rGO membranes. 
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Chapter 6. Fabrication of Stacking-Controlled Reduced 

Graphene Oxide-Coated Gas Barriers for Long-Term 

Stability of Solar Cells 

 

6.1 Introduction 

The gas barrier performance of the reduced graphene oxide (rGO) film is 

closely related not only to reducing interplanar distance but also to how effectively 

rGO sheets cover the surface and how much rGO reduce pathways induced by 

nanopores. To achieve this aim, individual rGO sheets should not have large voids 

that can form additional pathways and building blocks must be alternately stacked 

to suppress the permeation of gas molecules, as identified in Chapter 5. For 

solution-processed fabrication of graphene-based films, spraying method can 

enable compact stacking of rGO sheets in small quantities. Since the order of GO-

containing building blocks is projected onto the substrate through the spray process, 

the behavior of the graphene oxide (GO) in the liquid media should be considered. 

GO has a unique anisotropic platelet structure where isotropic or nematic behavior 

are exhibited depending on the dispersion concentration.1 The GO in the nematic 

phase is aligned in a specific direction while narrowing the distance between the 

sheets to enhance the thermodynamic stability.2-4 The GO sheets in the nematic 

phase exhibit a better degree of orientation than that in the isotropic phase. Such an 

aligned structure is desirable for reducing gas permeation. However, mismatching 

- 172 -



caused by enlarged domains may create undesirable gas permeation paths. On the 

other hand, spraying isotropic dispersion enables alternative stacking so gas barrier 

performance can improve (Figure 6-1). Therefore, it is necessary to confirm which 

phase of GO dispersion is more preferable. 

In this work, the desirable stacking of building blocks and enhanced gas 

barrier property of resulting spray-coated rGO films were experimentally 

demonstrated by controlling the GO phase. The GO behavior in the dispersion was 

controlled by changing the concentration and lateral size of parent GO. Grazing-

Incidence X-ray analysis was employed in order to resolve the stacking of 

graphene-based materials. Low-temperature thermally annealed rGO thin films 

were prepared to evaluate the gas barrier performance. I also discussed the 

dispersion preparation that makes it easier to fabricate gas barriers in terms of 

practical processing. The resultants exhibited excellent gas-barrier performance 

according to the moisture permeability analysis, which is even better than other 

solution-processed state-of-the-art gas barrier materials. Finally, the lifetime of the 

polymer solar cell (PSC) and perovskite solar cell (PeSC) encapsulated by rGO-

coated films was investigated. 
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Figure 6-1. A schematic image on the fabrication of rGO-based gas barriers by 

controlling phase of GO in the liquid media. 
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6.2 Experimental 

Materials: Graphite, potassium persulfate (K2S2O8), phosphorus pentoxide 

(P4O10), potassium permanganate (KMnO4), 1,2-dichlorobenzene (DCB), zinc 

acetate dihydrate (Zn(CH3COO)2∙2H2O), ethanolamine, 2-methoxyethanol, 

molybdenum oxide (MoO3), dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), ethyl ether, 4-tert-butylpyridine (TBP), lithium 

bis(trifluoromethylsulphonyl)imide (Li-TFSI), and acetonitrile were purchased 

from Aldrich. Sulfuric acid (H2SO4), Hydrogen peroxide (H2O2), hydrochloric acid 

(HCl), acetone, and isopropyl alcohol (IPA) were purchased from Daejung. PbI2 

was purchased from Alfa Aesar. CH3NH3I (MAI) was purchased from 

Greatcellsolar. (2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-

spirobifluorene) (Spiro-OMeTAD) was purchased from Luminescence Technology. 

Polyethylene naphthalate (PEN) films were obtained from DuPont Teijin Films. 

Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) 

were purchased from Solaris Chem. C60 and [6,6]-phenyl-C61-butyric acid methyl 

ester (PC61BM) was purchased from Nano-C. [6,6]-phenyl-C71-butyric acid 

methyl ester (PC71BM) was purchased from 1-Material. Light-curable epoxy for 

encapsulation was purchased from Ossila (model E132). All chemicals were used 

without further purification. 

- 175 -



Synthesis of GO: GO was synthesized by modified Hummer’s method.5 In 

particular, graphite (6 g) was preoxidated with K2S2O8 (12 g) and P4O10 (12 g) in 

sulfuric acid (60 mL) at 80  for 24 h. After the reaction, the preoxidized graphite 

was filtered and rinsed with excessive deionized (DI) water until the filtrate 

became neutral. After post-treatment, they were then stored in a vacuum at room 

temperature. The dried expanded graphite (2 g) was dispersed to H2SO4 (92 mL) 

and kept at 0  before adding KMnO4 (12 g). The reaction was performed at 35  

by stirring at 250 rpm for 2 h. After the reaction, a mixture of excess ice and H2O2 

(10 mL) was directly added to the reaction bath. The output was centrifuged at 

13000 rpm for 20 min, which was followed by three cycles of HCl washing and re-

centrifugation. Finally, DI water was used to neutralize GO suspension with 

centrifugation (labeled GO_L). The resultant was kept in a cold state while being 

dispersed in DI water for long-time storage. To prepare small-size GO, dispersion 

was obtained by sonication using a horn-type instrument (Sonopuls HD, 20 kHz) 

for 5 min (labeled GO_S). 

Preparation of rGO/PEN films: GO dispersion was coated via a spraying 

method (IWATA airbrush silver jet compressor AC-27, working pressure: 0.1 MPa) 

on the PEN substrate. The distance between the airbrush and the substrate was 20 

cm. During the spraying, the substrate was kept at 120  for rapid solvent 

evaporation. The fabricated GO/PEN films were transferred to an oven to reduce 

the GO. The samples were then heated to 150  at a heating rate of 1  min-1 and 
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kept for 12 h. The reduced samples are denoted as rGO_L and rGO_S, which are 

derived from the thermal treatment of GO_L and GO_S, respectively. 

PSC fabrication: ITO electrodes on glass were cleaned by bath-type 

sonication sequentially with detergent, deionized water, acetone, and IPA. After 

drying the solvent, substrates were treated with UV-ozone treatment for 15 min. 

The sol-gel ZnO precursor solution was prepared, as described in the literature.6 

The ZnO solution was spin-cast on the ITO substrates at 4000 rpm, which was 

followed by annealing at 200  for 30 min. After thermal annealing, ITO/ZnO 

substrates were moved to an argon-filled glove box. The P3HT:PC61BM blends 

(1:1 weight ratio, total concentration of 34 mg mL-1) and PTB7-Th:PC71BM blends 

(1:1.5 weight ratio, total concentration of 25 mg mL-1) in DCB were stirred 

overnight then filtered. In both cases, the blends were spin-cast on top of ZnO-

coated anodes at 1000 rpm. For P3HT:PC61BM-coated films, samples were dried in 

a covered petri dish followed by thermal annealing at 150  for 30 min for the 

recrystallization of photoactive materials. The thermal evaporation of MoO3 (10 

nm) and Ag (100 nm) was performed in a vacuum under 10-6 Torr after thermal 

annealing of the photoactive layer. To seal the devices, a drop of epoxy was 

dropped followed by applying a gas barrier. After removing the voids and air 

bubbles, the curing of the epoxy was carried out under the illumination of white 

light for 1 h. The active area of the devices was 0.055~0.078 cm2, which is defined 

by the crossing area of the ITO and metal electrode. 

PeSC fabrication: The cleaning process of ITO electrodes was the same as 
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that performed for PSC. C60 (~ 30 nm) was deposited on the ITO electrode using a 

thermal evaporating system. Coating of the MAPbI3 and the Spiro-OMeTAD was 

performed in N2-filled glove box. The CH3NH3I and PbI2 were dissolved in a 

solvent mixed with DMF and DMSO (9:1 v/v %) in 1.5 M for at least 2 h. The 

perovskite precursor solution was spin-coated at 4000 rpm for 25 s. The ethyl ether 

was drop during the spin-coating followed by annealing at 65 oC for 1 min and then 

100 oC for 30min. Subsequently, the Spiro-MeOTAD solution (80 mg of Spiro-

MeOTAD, 8.4 μL of 4-tert-Butylpyridine and 51.6 μL of Li-salt stock solution 

(Bis(trifluoromethane) sulfonamide lithium salt 156 mg mL-1 in acetonitrile) in 1 

mL of chlorobenzene) was spin-coated on the sample at 2500 rpm for 45 s. Finally, 

thermal evaporation of gold electrode (100 nm) was performed. The active area of 

the devices was 0.07 cm2. 

Characterization: The lateral sizes of rGO samples and surface morphology 

of the rGO films were characterized using a field emission scanning electron 

microscopy (SEM, MERLIN Compact, Zeiss). Fourier transform infrared 

spectroscopy (FT-IR, Nicolet iS10, Thermo Scientific) was adopted to analyze the 

functional group types in GO samples. The quantitative functionalities of graphene 

derivatives were characterized by X-ray photoelectron spectroscopy (XPS, AXIS-

HSi, Kratos). Polarized optical images were obtained using an optical microscope 

(BX-51, Olympus) with polarizers. Birefringence intensity of GO dispersions was 

quantified for analysis on the concentration-dependent phase transition by using 

Image-Pro Plus 6.0. At least five circular scans were performed for each sample, 
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and each scan contained at least 1000 pixels. To visually identify the stacking 

nature of rGO, atomic force microscopy (AFM, NX-10, Park Systems) was 

adopted. Scanning of rGO films with a thickness of 30 nm was performed for the 

roughness analysis, and images of partially rGO-covered samples (optical 

transmittance ~ 95 %) were used to check the stacking of unit building blocks. The 

grazing-incidence X-ray diffraction (GIXRD) patterns were recorded using Xeuss 

2.0 equipment (beam wavelength: 0.154 nm) where resultants were taken at an 

incidence angle of 0.2˚. The sample to 2D detector distance was 139 mm for 

grazing-incidence wide-angle X-ray scattering (GIWAXS) and 2325 mm for 

grazing-incidence small-angle X-ray scattering (GISAXS). The exposure time for 

each data acquisition was 300 s. Master profiles were acquired by combining out-

of-plane GIWAXS and GISAXS patterns by compensating sample-to-detector 

distance. The thickness of rGO films was measured by AlphaStep IQ (KLA 

Tencor). At least five points were selected and the average thickness was derived. 

The water vapor transmission rates (WVTRs) of the films were recorded based on 

ASTM F1249 method using a PERMATRAN-W 3/33 instrument (MOCON) at the 

temperature of 25 or 38  and 100% relative humidity (RH). The optical 

transmittance of films was recorded using a UV-vis-NIR spectrometer (Varian, 

Cary 5000). The current density-voltage (J-V) characteristics of PSC were 

measured using an IV sourcemeter unit (Keithley 2634B). The photovoltaic 

behavior of devices was analyzed under the global AM 1.5 spectrum (100 mW cm-

2) from a solar simulator (Abet Technologies model 10500). For long-term stability 
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test, the devices were stored at a temperature of 25 ± 5  and 100% RH. The 

atmosphere of the chamber was preserved from at least 24 h before the lifetime test. 

At least 6 devices were utilized in the lifetime test of different sealing conditions. 

To evaluate the water-induced degradation behavior, water droplets were dropped 

onto encapsulation barriers attached to photovoltaic devices, described in the 

literature.7 
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6.3 Results and Discussion 

The gas permeability of rGO film is related to the properties of the rGO 

sheet and the stacking nature. The parent GO selection greatly influences the gas 

barrier properties of rGO.8 In order to suppress the gas permeation, an optimized 

GO that has a pinhole-free structure and large aspect ratio was selected, as 

described in the literature.5 The concentration at which the phase transition occurs 

is associated with the lateral size of the GO sheet and the number of functional 

groups.1,9,10 Two GO samples were prepared to evaluate how the size and phase of 

the GO affect the gas permeation. The first sample, which is labeled GO_L, was 

prepared without any high-energy treatments after the synthetic procedure so that 

the size was preserved. The other GO was labeled GO_S and suffered a sonication 

step to reduce the size. As shown in Figure 6-2a and 6-2c, images obtained by 

SEM show that GO_L has a lateral size of about 24.0 ± 14.7 μm while GO_S has a 

lateral size of about 0.81 ± 0.50 μm. Detailed size distributions of each sample are 

displayed in Figure 6-2b and 6-2d. 

Functional groups in GO were monitored using FT-IR. The resulting FT-IR 

spectra are displayed in Figure 6-3. Both samples had absorption peaks at 3400, 

1630, 1425, and 1130 cm-1, which indicated the existence of O-H, C=C, C-O, and 

C-O-C bonds, respectively.11,12 The quantitative chemical nature of GO was 

analyzed by XPS. Based on the FT-IR analysis, the C1s spectra of each sample 

were deconvoluted into separated peaks like C=C & C-C (284.5 eV), C-OH & C-

O-C (286.6 eV), and O-C=O (288.2 eV).12 As clearly shown in Figure 6-2e and 6-
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2f, GO_S had more hydroxyl and epoxy groups than GO_L, suggesting that these 

groups were attached to GO sheets during the sonication process. To reduce GO for 

gas barrier application, GO was annealed by low-temperature heat treatment at 

150 . XPS results of graphene derivatives were compared to evaluate the degree 

of reduction. After thermal treatment, both rGO samples showed a remarkable 

recovery of the carbon-carbon bond and a significant decrease in the band at 286.6 

eV compared to GO samples (Figure 6-4), suggesting that the hydroxyl groups and 

epoxide groups present in the GO sheets were sufficiently removed during the heat 

treatment.13,14 The corresponding bonding nature of carbon atoms in graphene 

derivatives is summarized in Figure 6-2g. 
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Figure 6-2. SEM images of (a) GO_L and (c) GO_S on a Si wafer. Lateral size 

distribution of (b) GO_L and (d) GO_S by analyzing microscopy images. 

Deconvoluted C1s spectra of (e) GO_L and (f) GO_S obtained by XPS. (g) Atomic 

concentration of various carbon forms deduced from C1s spectra of graphene 

derivatives. 

 

 
Figure 6-3. FT-IR transmittance spectra of GO_L and GO_S. 
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Figure 6-4. Deconvoluted C1s spectra of (a) rGO_L and (b) rGO_S. 
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The enormous difference in lateral sizes leads to contrasting behavior of GO 

in aqueous dispersion. To evaluate the behavior of GO in aqueous conditions, 

various dispersions of GO_L and GO_S were prepared. The subjected 

concentration of GO_L in this study was more dilute than that of GO_S because 

the nematic phase emerges at low concentrations as the lateral size of GO 

increases.1,15 GO_L dispersions were prepared at concentrations of 0.10, 0.50, 1.0, 

and 2.0 mg mL-1 while GO_S dispersions were prepared at concentrations of 1.0, 

3.0, and 8.0 mg mL-1. Since the liquid crystal (LC) behavior of the GO is a product 

of a large aligned domain, the existence of birefringence is an indicator of LC 

generation. The polarized optical microscopy (POM) images of aqueous 

dispersions (Figure 6-5a and 6-5b) are summarized. To quantitatively identify the 

generation of the nematic phase in the dispersion, the birefringence intensity 

obtained by image analysis is plotted in Figure 6-5c. In the case of GO_L (Figure 

6-5a), no notable color appearance was observed at 0.10 mg mL-1, suggesting that 

GO was dispersed in an isotropic state. On the contrary, the existence of a pale 

pattern in the 0.50 mg mL-1 dispersion indicated LC evolution, as confirmed from 

the rapid increase in birefringence intensity. At 1.0 and 2.0 mg mL-1 of dispersions, 

clear bright patterns were found in the POM images, which imply complete 

conversion from the isotropic to the nematic phase. Unlike GO_L, GO_S did not 

show any birefringence at 1.0 and 3.0 mg mL-1 concentrations. When the 

dispersion was more concentrated up to 8.0 mg mL-1, biphasic behavior was 

observed (Figure 6-5b). This result implies that decreasing the lateral size 
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approximately 30 times improved the isotropic GO stability. Although functional 

groups in GO contributed to the critical concentration of phase transition,10 GO_S 

with more hydroxyl groups than GO_L did not exhibit LC behavior. This implies 

that a reduction in size by an order of magnitude has a greater effect than 

functional group generation in the GO structure. 
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Figure 6-5. POM images of (a) GO_L dispersions at concentrations of 0.10, 0.50, 

1.0, and 2.0 mg mL-1 and (b) GO_S dispersions at concentrations of 1.0, 3.0, and 

8.0 mg mL-1. The inset bar for each sample is 500 μm. (c) Birefringence intensity 

of GO dispersions as a function of lateral size and concentration by image analysis. 
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To project the GO nature in the liquid phase directly onto the laminated 

structure, GO films were prepared by a spraying process. GO dispersion was 

sprayed onto the desired substrate, and the resulting film was obtained through the 

low-temperature annealing process. The rGO sample made of isotropic GO_L 

dispersion is named I_rGO_L, and that made of nematic GO_L dispersion is 

named N_rGO_L. Rapid heating during GO reduction may cause mesopores in the 

graphene structure which allows more gas to pass through the laminate.16,17 Based 

on the conditions in our previous studies,16,17 the resulting films were heated slowly 

at a rate of 1  min-1 and then kept at 150  for 12 h. AFM was introduced to 

visualize the rGO. From the AFM images (Figure 6-6a & 6-6b) of spray-coated 

rGO films, the surface of I_rGO_L film (roughness: 5.6 nm) was found to be 

smoother than that of N_rGO_L (roughness: 7.5 nm). Furthermore, 1D scanning 

was performed on the rGO samples which is partially deposited on the Si substrate 

(Figure 6-6c & 6-6d) to check the stacking nature of the rGO. When isotropic 

dispersion was sprayed, the rGO sheet is uniformly coated and the thickness of unit 

building block was 1~2 nm (Figure 6-6e). However, when nematic dispersion was 

used, insufficient surface coverage was observed compared with that of I_rGO_L 

and existence of few-layered rGO (frGO) with a maximum thickness of 5 nm 

(Figure 6-6f). These results can be indirect evidence that the stacking of I_rGO_L 

is more regular than N_rGO_L. For more complete interpretation, X-ray based 

analysis is essential. 
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Figure 6-6. (a-b) AFM images of spray-coated (a) I_rGO_L-coated and (b) 

N_rGO_L-coated films (thickness: 30 nm, scale bar: 4 μm). (c-f) AFM images of 

partially covered rGO using (c) I_GO_L and (d) N_GO_L dispersion. (scale bar: 20 

μm). Line scanning profiles along the white arrows in the images for (e) I_rGO_L 

and (f) N_rGO_L. Red arrows indicate the thickness of stacked rGO sheets 

deposited by spraying process. 
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To determine how effectively the graphene sheet was accumulated, a 2D 

GIXRD experiment was performed. Figure 6-7a to 6-7f display the GIWAXS and 

GISAXS patterns of graphene derivative thin films. The 2D scattering results were 

displayed using a scattering vector Q. The GO and rGO thin films made of 

isotropic GO_L dispersion (I_GO_L and I_rGO_L) at a concentration of 0.10 mg 

mL-1 and nematic GO_L dispersion (N_GO_L and N_rGO_L) at a concentration of 

1.0 mg mL-1 were analyzed. All signals in GIWAXS patterns were developed in the 

out-of-plane (OOP) direction, suggesting that the graphene-based materials 

maintain face-on orientation. To analyze the nanosheet stacking, 1D scanning 

along a direction perpendicular to the films of GIXRD data was performed. As 

shown in Figure 6-7g, the bands in the GO samples appeared at Q ~ 0.7  -1 (2θ ~ 

10 °), which was the result of oxygen-containing functionality in the basal plane of 

the GO sheets. The interlayer distance was about 0.9 nm, which is quite large for 

blocking the molecules. On the other hand, the disappeared GO characteristics and 

broad bands near Q ~ 1.7  -1  (2θ ~ 23 °) of rGO samples indicated the effective 

removal of functional groups that exist in the basal plane. The interlayer distance 

between the rGO sheets was estimated to be about 0.38 nm by Bragg's law, which 

is small enough to prevent moisture and oxygen penetration. While the diffraction 

characteristics mentioned above are resultants due to individual sheet stacking, 

gradually decreasing scattering signals (up to Q ~ 0.3  -1) originated from frGOs, 

which are called reduced graphite oxides. 
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To confirm the degree of orientation, azimuthal scanning was performed. 

The values of full width at half maximum (FWHM) were derived from the 

intensity graphs as a function of azimuth (Figure 6-7i to 6-7k) for the vertical 

alignment of graphene-based nanosheets. The FWHMs of GO films obtained from 

radial scanning at Q ~ 0.7 -1 were much smaller than those of rGO films 

calculated from azimuthal scanning at Q ~ 1.7 -1. The degree of orientation of 

individual GO sheets was higher than that of rGO sheets, which was attributed to 

the atomic-scale ripples in rGO sheets during the reduction process. Insight into the 

GO or rGO individual sheet on the continuous lamination using nematic dispersion 

was slightly more developed compared with that using isotropic dispersion, as 

shown in Figure 6-7i and 6-7j. On the other hand, a large and sharp peak in the 

scanning graph at Q ~ 0.18 -1 for the I_rGO_L film was found, where the 

N_rGO_L film exhibited small and broad peak (Figure 6-7k). This gap means the 

reduced graphite oxides having a thickness of ~ 2 nm in the nematic dispersion are 

relatively irregularly stacked onto the substrate due to their highly aligned behavior. 

To investigate the influence of the stacking of building blocks on the 

hierarchical structure, GISAXS patterns in the OOP direction were analyzed. To 

correlate with the GIWAXS data, master curves with a corrected sample-to-

detector distance were derived, as shown in Figure 6-7h. The logarithmic plot of 

scattering intensity vs. Q is used to determine the fractal dimension of rGO 

building blocks. From the power law (Intensity ~ Q-n), the slope ‘n’ reveals a 

fractal dimension determined at a specific Q range is an index of material textures 
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at that magnitude level. The factor on nanostructure is related to the stacking of 

rGO building blocks and the development of pores.17 If the ‘n’ is between 3 and 4, 

the surface fractal dimension (D1 = 6 – n) is derived. If the slope is between 2 and 3, 

the mass fractal dimension (D2 = n) can be obtained. In the range of 0.12 -1 < Q < 

0.25 -1, information on the surface fractal of graphene materials was analyzed. 

The D1 of I_rGO_L was 2.75, while that of N_rGO_L was 2.81. Such values for 

graphenes on this scale (2.5~5.2 nm) meant that rGO samples have similar surfaces. 

On the contrary, in the range of 0.05 -1 < Q < 0.12 -1
, the fractal dimension of 

I_rGO_L (denoted D2 = D) was 2.14. This means that I_rGO_L had a very small 

number of wrinkles and a less porous structure on the scale of 5.2 to 12 nm. In 

other words, the surface of the I_rGO_L was very smooth on this scale. This is in 

contrast to the fact that N_rGO_L had 2.61 of the mass fractal, which indicated a 

relatively rugged texture. 

Based on the results of the GIXRD analysis described above, a scheme for 

the stacking nature of rGO-based films is shown in Figure 6-7l. As the GO 

dispersion is deposited onto the substrate, a stacking characteristic is strongly 

related to their phase behavior in a dispersion state. The isotropic phase GO is 

relatively more likely to have alternative stacking, which can more effectively 

cover the vacant space where the GO is not accumulated. Therefore, less porous 

nanostructure is obtained. Consequently, the utilization of GO dispersion in the 

isotropic state is desirable for fabricating an ideal gas barrier. On the other hand, 

the expression of LC behavior means that building blocks form a strongly aligned 
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domain in the liquid media. In this regard, GO in the nematic phase is limited in 

manifesting this structure. The large domain of GO LC becomes a building block 

of the GO laminate after solvent evaporation, as observed in Figure 6-6d. Although 

the orientation of N_rGO_L at the single sheet level is more face-on favorable than 

that of I_rGO_L, the stacking nature of N_rGO_L results in the opposite product 

due to the presence of these thick reduced graphite oxide units according to 

GIXRD analysis. Such graphite oxides induce irregular stacking and cannot 

effectively fill the empty space in the membrane. This lamination contributes to the 

formation of more pathways as a result (green arrowed line in Figure 6-7l). 

Therefore, the structure allowing additional gas permeation is built even after the 

rGO film is produced. 
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Figure 6-7. 2D GIWAXS patterns of thin films of (a) I_GO_L, (b) N_GO_L, (c) 

I_rGO_L and (d) N_rGO_L. 2D GISAXS patterns of (e) I_rGO_L and (f) 

N_rGO_L films. (g) Scattering profiles of graphene derivatives from GIWAXS 

patterns along the out-of-plane direction. (h) Master profiles of rGO-coated films to 

analyze textural characteristics of the laminates. (i-k) Scattering intensity integrated 

along the azimuth. Radial scanning plots to analyze the alignment of the (i) GO 

sheet, (j) rGO sheet and (k) frGOs. Azimuthal angle is counted clockwise from the 

out-of-plane direction. (l) Schematic images on the stacking of rGO-based building 

blocks and gas permeation pathways within rGO laminates. 
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To assess how the stacking nature of graphene affects water vapor 

permeation, the 5 5 cm2 rGO-coated gas barrier films were prepared as specimens. 

PEN films with excellent heat resistance and WVTR were selected as substrates. 

The rGO-coated film (thickness of rGO ~ 15 nm) was optically translucent and 

flexible as shown in Figure 6-8a. UV-vis spectroscopy result confirms that the 

prepared gas barrier had a transmittance of 69% at a wavelength of 550 nm. When 

the rGO film was deposited at a thickness of 23 nm, the transmittance of the film 

was 52%. The overall UV-vis spectra of rGO/PEN films are displayed in Figure 6-

9. In order to investigate the effect of the GO phase on the water vapor 

permeability (WVP) of the barrier film, the barriers were fabricated using different 

GO dispersions. To compare the barrier properties of the graphene layer only, the 

WVTR of graphene films (TG) excluding the substrate effect was obtained as 

follows: 

 (6-1) 

where Ttot and Tsub are the WVTR of the rGO/substrate and bare substrate 

(PEN in this case), respectively.8 The WVP of graphene (PG) was derived from the 

following equation. 

  (6-2) 

where d is the thickness of barrier materials, and P is the difference in 

water vapor pressure during the permeation test. Figure 6-8a summarizes the WVP 

of the rGO membrane (thickness ~ 23 ± 2 nm) at 38  and 100% RH as a function 
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of the GO concentration. As shown in the graph, the lowest moisture permeability 

was observed (5.22 10-10 g cm m-2 day-1 Pa-1) when the membrane using 0.1 mg 

mL-1 of isotropic GO dispersion was fabricated. However, the WVP increased to 

1.34 10-9 g cm m-2 day-1 Pa-1 as the dispersion became concentrated, which is 

consistent with our prediction. rGO_S-coated gas barriers made of isotropic 

dispersion (I_rGO_S) were fabricated as a control group. The WVP of I_rGO_S 

showed little difference when using isotropic GO dispersions (1.0 and 3.0 mg mL-

1), whereas the permeability increased when the biphasic GO dispersion was 

applied. The WVP of the I_rGO_S layer with the best barrier performance of 1.0 

mg mL-1 was 1.06 10-9 g cm m-2 day-1 Pa-1, which was lower than that of the 

N_rGO_L layer. This result corresponds with the previous report that the gas 

barrier performance can be improved when GO dispersion with excellent 

dispersibility was used despite the small lateral size of GO sheets.16 Furthermore, 

since the high-concentration dispersion is critical for the practical coating of thick 

graphene films,15 the potential of concentrated isotropic GO_S dispersion is 

excellent. 

The temperature and RH of atmosphere during measurement are the main 

factors in determining moisture permeation. The WVTR at different temperature 

conditions was measured to confirm how the water permeability varied. The 

WVTR of gas barriers according to the rGO thickness are summarized in Figure 6-

8b. To adjust the rGO thickness, the spraying process was repeated 10/20/30/40 

times for I_rGO_L. The measured bare TPEN was 2.51 g m-2 day-1 measured at 38  
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and 1.20 g m-2 day-1 measured at 25 . The permeation rate of rGO/PEN barrier 

decreased as the rGO layer became thicker. When the I_rGO_L layer was coated 

on the PEN substrate by 30 nm, the WVTR of gas barrier decreased to 0.75 g m-2 

day-1 for the 38  test and to 0.38 g m-2 day-1 for the 25  test. By calculating the 

WVP according to Equation 6-1 and 6-2, the WVP of the rGO film was 4.78 10-10 

g cm m-2 day-1 Pa-1 at 38  and 100% RH conditions and 4.61 10-10 g cm m-2 day-

1 Pa-1 at 25  and 100% RH conditions. 
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Figure 6-8. (a) WVP of rGO layers at the 38  and 100% RH condition by 

utilizing different concentrations of aqueous dispersion. Values were obtained by 

subtracting the value of the PEN value. Inset displays a photograph of a flexible 

rGO/PEN gas barrier. (b) WVTR comparison of I_rGO_L-coated gas barriers 

measured at 38  and 100% RH (black) as well as 25  and 100% RH (red). 
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Figure 6-9. UV-vis spectra of bare PEN and rGO_L-coated gas barriers. 
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Based on the results of the moisture permeability analysis, the improved 

lifetime of PSC by adopting the rGO-coated barrier was evaluated. A mixture of 

P3HT and PC61BM, which is a well-known photoactive blend was used for the 

test.16,18-21 To observe the device degradation more quickly and clearly, the devices 

were kept under saturated water vapor conditions. Figure 6-10a to 6-10d 

summarize the J-V characteristics of the PSC by controlling the sealing barriers. 

The change in power conversion efficiency (PCE) of the solar cells as a function of 

air exposure time is summarized in Figure 6-10e. The decreasing trend of short-

circuit current density (JSC), open-circuit voltage (VOC) and fill factor (FF) affecting 

PCE is summarized in Figure 6-11. The time to reach 80% of the initial PCE, T80, 

was calculated by interpolation to intuitively determine device lifetime.22 As 

clearly shown in Figure 6-10e, the T80 of the device without a gas barrier was 0.53 

day and the PCE was confirmed to fall below 30% of the initial value within 2 days. 

The most significant effect of device degradation is the reduction of FF, which 

suggests that the degradation of the interfacial layer and photoactive materials 

occurred rapidly.7 Using the isotropic GO_L dispersion for rGO film fabrication, 

the T80 of the I_rGO_L/PEN barrier was 30.3 days, which was 57.2 times longer 

than the unsealed device and 3.74 times longer than the device covered only with 

PEN. I also checked the lifetime of the PSC using a N_rGO_L-coated barrier. The 

T80 of these devices was 14.5 days, which was 2.1 times shorter than the barrier 

using the isotropic dispersion. The best lifetime of optimized I_rGO_L/PEN-

encapsulated PSC is plotted in Figure 6-10f. A 10 15 mm2-size gas barrier 
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attached to PSC covered the critical area where the operation works and maintained 

88% of the initial performance after 28 days. 

In addition, water droplets were dropped directly onto the barrier to verify 

the stability of organic devices under harsh conditions (Figure 6-10g). After 10 h of 

the test, the backside of the device without any sealing barrier was found to be 

damaged by the H2O penetration. On the other hand, the sealed PSC did not show a 

remarkable visual difference. As shown in Figure 6-10h, the bare devices showed 

that the PCE dropped to less than 30% of the initial value within 3 h, while the 

PEN-covered devices and I_rGO_L/PEN-covered devices were maintained at 90% 

and 97% of the initial PCE, respectively. This excellent water resistance of the 

rGO-based gas barriers can be used for the wearable devices.7 
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Figure 6-10. Time-dependent J-V characteristics of P3HT:PC61BM PSC (a) 

without gas barrier, as well as encapsulated with (b) bare PEN, (c) I_rGO_L/PEN, 

and (d) N_rGO_L/PEN. (e) Normalized PCE of PSC as a function of air exposure 

time. (f) Long-term lifetime test result for the optimized device with the I_rGO_L 

barrier. Inset shows a device encapsulated with the I_rGO_L film (rectangle with 

red dotted line). (g) Photographs for water resistance test. Water droplets were 

dropped onto top of the fabricated solar cells (left). The back of the fresh devices 

(middle) and the aged devices after 10 h of the resistance test. (h) Degradation of 

PCEs as a function of water contact time. 
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Figure 6-11. Time-dependent degradation pattern of P3HT:PC61BM PSCs 

encapsulated with or without barriers. (a) JSC (b) VOC and (c) FF of devices as a 

function of exposure time at 25 , 100% RH conditions. 
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In addition, the lifetimes of PSCs that have PTB7-Th:PC71BM and PeSCs 

that have MAPbI3 as a light-absorbing layer were also evaluated. Detailed trends in 

photovoltaic parameters as a function of air exposure time are displayed in Figure 

6-12. In both cases, the lifetime trends of encapsulated devices were consistent 

with the WVP results. The long-term stability of the solar cells using PTB7-

Th:PC71BM and MAPbI3 as the light absorber was also confirmed (Figure 6-13). 

Since the T80 of the solar cell achieved in this study was derived at 100% RH 

conditions, the T80 can be further improved when the life test is performed under 

mild conditions. 
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Figure 6-12. Change in normalized photovoltaic parameters of (a-d) PTB7-

Th:PC71BM and (e-h) MAPbI3 solar cells with air exposure time. 

- 205 -



 

 

 

 

0 4 8 12 16 20 24 28 32
0.0

0.2

0.4

0.6

0.8

1.0

 PTB7-Th:PC71BM
 MAPbI3

N
or

m
al

iz
ed

 P
C

E

Exposure Time (day)
 

Figure 6-13. Long-term stability of PTB7-Th:PC71BM-based and MAPbI3-based 

solar cells. 
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6.4 Conclusion 

The importance of the stacked structure of rGO sheets for low gas 

permeability of the barrier film has been highlighted by the phase control of parent 

GO in liquid media. The rGO-coated gas barrier film using isotropic GO dispersion 

showed more regular stacking of building blocks compared with that using nematic 

dispersion, which is due to the incomplete stacking of thick building blocks from 

the nematic GO dispersion. The resulting pore-inhibited rGO laminate with the 

preferred orientation exhibited the best moisture barrier property compared to the 

low-temperature solution-processed materials. The optimized rGO/PEN barrier 

encapsulation and selection of stable solar cell structure dramatically improved the 

lifetime. My research emphasizes the importance of phase control in 2D 

nanomaterials applications as well as the achievement of high-performance gas 

barriers. 
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Chapter 7. Conclusive Remarks and the Outlook 

 

In this dissertation, the performance and lifetime improvement of polymer 

solar cells (PSCs) and perovskite solar cells (PeSCs) were studied by introducing 

rationally designed 2p-atom-based materials to improve the practicality of organic 

and hybrid perovskite solar cells. For high-efficiency solar cell fabrication, the 

effects of material parameters on the performance of solar cells were first 

summarized and quantitatively analyzed. Based on the equivalent model for the 

photodiode, I selected the most influential elements among the material and 

structural parameters of the electrode, charge extracting layer (CEL), and 

photoactive layer (PAL) to predict and adjust the achievable efficiency of PSC and 

PeSC. Next, graphene oxide (GO)-coated carbon nanotube (CNT) electrodes were 

introduced to the transparent conductive electrode (TCE) and top electrode (TE) to 

suppress nonideality caused by electrode and CEL. In addition, the graphene 

quantum dot was designed and fabricated to approach the expected value to 

improve light absorption and charge mobility in the photoactive layer of PSC. The 

optical conversion efficiency of PSC and PeSC fabricated in this study was 

superior to other PSC and PeSC using carbon-based electrodes that were 

previously reported (Figure 7-1).1-7 

In the graphene-based gas barrier design, the ultimate goal is to fabricate thin 

films by suppressing gas permeation through nanocapillary, uncovered regions, and 

voids induced by irregular stacking. In this study, reduced graphene oxide (rGO) 
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films were obtained by low-temperature heat treatment after producing a film using 

graphene oxide dispersion by a solution-processed preparation method. For 

producing rGO films with excellent gas barrier properties, various GOs were 

prepared by controlling the synthetic process as well as analyzing how the size of 

GO and the presence of large-size voids affect gas barrier properties. Consequently, 

the uncovered region was minimized by selecting appropriate GO. The optimized 

GO was used to produce rGO films with the desired laminate structure through 

phase control and introduction of the spraying process. The films produced in this 

study were introduced into PSC and PeSC to achieve the month-scale stability of 

solar cells. By controlling all three aforementioned factors, it was confirmed that 

the water vapor permeability (WVP) of the rGO film produced in this study was 

lower than that of other low-temperature processed gas barrier films (Figure 7-2).8-

12 

 

 

 

 

 

 

 

 

 

 

 

- 213 -



 

 
Figure 7-1. PCE of the solar cells using all-carbon-based electrodes reported in the 

literature and in this work. 

 

 
Figure 7-2. WVP of various gas barriers. 
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Although the solar cell fabricated in this study showed excellent 

performance and stability, further improvements are still needed. In the case of 

PSC, the use of a light absorber based on non-fullerene acceptor-based organic 

blends can provide much greater efficiency.13 In the case of PeSC, it is more 

important to improve the crystallinity of the perovskite layer. The predicted 

maximum VOC of PeSC using methylammonium lead iodide (MAPbI3) as a light 

absorber is 1.32 V.14 However, the open-circuit voltage obtained in practical PeSCs 

has not reached this level due to the nonideality of the perovskite film.15 If the dark 

saturation current density drops to 10-20 mA cm-2 with the introduction of a single-

crystalline MAPbI3,
16 the expected performance is improved by ~20% as shown in 

Figure 7-3. 

It is necessary to design a sealing material with better gas barrier property to 

secure year-scale stability. Furthermore, calculating the water vapor transmission 

rate (WVTR) required for long-term stability has recently been reported.17 Through 

this method, one can select the targeted WVTR required for the long-term 

efficiency stability of the solar cell fabricated in this study (Figure 7-4). 

The theoretical approach and research results introduced in this thesis can be 

helpful in improving the performance and stability of the solar cells in the future. 

Therefore, this work can contribute to the practical application of solar cells. 
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Figure 7-3. Measured and predicted J-V curves by controlling the nature of 

MAPbI3. 

 

 
Figure 7-4. Required advance in WVTR for the year-scale stability of PSC and 

PeSC. 
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